Determination of deep percolation losses in loessial soils by Melvin, Stewart Wayne
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1970
Determination of deep percolation losses in loessial
soils
Stewart Wayne Melvin
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, Bioresource and Agricultural Engineering Commons, and the
Soil Science Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Melvin, Stewart Wayne, "Determination of deep percolation losses in loessial soils " (1970). Retrospective Theses and Dissertations.
4184.
https://lib.dr.iastate.edu/rtd/4184
70-18,893 
MELVIN, Stewart Wayne, 194-lr-
DETERMINATION OF DEEP PERCOLATION LOSSES IN 
LOESSIAL SOILS. 
Iowa State University, Ph.D., 1970 
Engineering, agricultural 
University Microfilms, A XERQK Company, Ann Arbor, Michigan 
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 
DETERMINATION OF DEEP PERCOLATION LOSSES IN LOESSIAL SOILS 
by 
Stewart Wayne Melvin 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Agricultural Engineering 
Approved: 
'or Work 
[ead of Major Department 
Iowa State University 
Ames, Iowa 
1970 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
CHAPTER I. INTRODUCTION 1 
CHAPTER II. OBJECTIVES OF STUDY 6 
CHAPTER III. LITERATURE REVIEW 7 
Theory of Unsaturated Flow  ^
Analytical and Numerical Solutions to Flow Equations 17 
• Experimental Investigations Related to the Solution 
of the Diffusivity Equation 24 
Determination of Unsaturated Conductivity and Diffusivity 26 
Measurement of Soil Water Tension and Moisture Content 33 
Hysteresis in Soil-Moisture Relationships 39 
Deep Percolation Studies 43 
CHAPTER IV. METHOD OF ANALYSIS 55 
CHAPTER V. EXPERIMENTAL METHODS AND PROCEDURES 62 
Field Experiments 63 
Laboratory Study 74 
CHAPTER VI. PRELIMINARY RESULTS AND DATA ANALYSIS 82 
Physical Properties of Loessial Soils 82 
Flooding Experiments 90 
Soil Water Characteristics of Loessial Soils 118 
CHAPTER VII. FIELD CONDUCTIVITY ESTIMATES 134 
Tension Gradient Estimates 134 
Velocity Estimates 140 
Field Conductivity Results 141 
CHAPTER VIII. DEEP PERCOLATION PREDICTION MODEL 146 
Hydrologie Trends in the Research Area 148 
Model Prediction 166 
CHAPTER IX. SUMMARY AND CONCLUSIONS 177 
CHAPTER X. RECOMMENDATIONS FOR FURTHER RESEARCH 182 
REFERENCES 184 
ill 
TABLE OF CONTENTS 
(Continued) Page 
ACKNOWLEDGMENTS 195 
APPENDIX A. DATA SMOOTHING AND INTERPOLATION WITH SPLINE FUNCTIONS 196 
APPENDIX B. EFFECTS OF HYSTERESIS ON POTENTIAL GRADIENT 204 
DURING WETTING AND DRYING PROCESSES 
APPENDIX C. PHYSICAL PROPERTIES OF LOESSIAL SOILS 207 
APPENDIX D, THEORY AND APPLICATION OF THE ONE-STEP OUTFLOW TEST 210 
APPENDIX E. CONDUCTIVITY ESTIMATES FROM MOISTURE-TENSION 212 
CHARACTERISTICS 
1 
CHAPTER I. INTRODUCTION 
Water is the basic substance of life to man. He has been intrigued 
with its occurrence, distribution and movement throughout the ages. Not 
until recent times has he solved many of the mysteries oÎE water movement 
and incorporated his knowledge into the science of hydrology. Before the 
concept of the hydrologie cycle, man could not physically explain the 
source of rainfall, the destination of the water in a stream, or the 
source of water from a spring. 
Today we assume that such basic concepts are fully understood, but 
this is not true. The science of hydrology has developed sufficiently 
to supply both qualitative and quantitative answers to some, but not 
all, of the problems dealing with natural water movement processes. The 
hydrologist has been able to solve many macro-scale water problems but 
has yet to fully understand each separate water movement process and how 
it interacts with each of the others to create a hydrologie balance. 
One of the areas of hydrology recently receiving major research 
emphasis has been the study of moisture movement through unsaturated 
soils. A basic understanding of this process is required to evaluate the 
land phase of the hydrologie cycle. Precipitation in the form of rainfall 
may either move along the soil surface or infiltrate through the soil sur­
face. Infiltrated water responds immediately to forces associated with 
the soil matrix and plant roots. Water moves in the soil to approach an 
equilibrium energy condition throughout the soil mass. Infiltrated 
water can be absorbed by plant roots or evaporated from the surface before 
it migrates beyond the root zone. The net amount of water passing through 
V 
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the lower boundary of the root zone is known as deep percolation, deep 
seepage, or throughflow. This water percolates downward through the zone 
of. aeration of the soil until it reaches the water table and subsequently 
flows laterally to a surface outlet. 
The process of deep percolation is the connecting link in the hy­
drologie cycle between the bottom of the plant root zone and the ground­
water reservoir. Recharge into the reservoir is regulated by the moisture 
movement process which transfers excess water stored in the upper soil 
layer to the water table. 
A quantitative estimate of the quantity of water passing through 
the soil profile by deep percolation is required for an accurate under­
standing of the hydrology of a watershed. Dreibelbis (1954) studied 
water movement in small watersheds in Ohio. He found that deep percola­
tion played a significant role in watershed hydrology as he stated, p. 358: 
Percolation of water through the soil profile contributes to the 
ground water supply and thereby replenishes the water in springs, 
wells and streams. A study of the rates and amounts of percolation 
is useful in the solution of flood control problems, and in prob­
lems associated with soil and water conservation because of the 
influence of percolation on watershed hydrology.... 
More specifically, deep percolation predictions are necessary to correctly 
evaluate consumptive use estimates from water budget methods, to de­
termine nutrient leaching losses, and to evaluate the quantity and quality 
of groundwater recharge. 
Consumptive water use by plants is required knowledge for optimum 
crop production. Studies to evaluate consumptive use or évapotranspiration 
3 
have frequently been based on a water budget technique to account for all 
water entering or leaving the root zone of the crop studied. The water 
budget equation can be written as 
ET = P - RO - DP - AW (1-1) 
where 
ET = évapotranspiration or consumptive use 
P = precipitation or applied irrigation water 
RO = runoff 
DP = deep percolation 
AW = change in soil moisture storage in the root zone. 
Mcllroy (1964) suggested that the term, DP, could be either neglected or 
estimated by various means depending on the geological considerations, 
van Bavel et al. (1968a) have shown that DP can be either positive or 
negative. Moisture was shown to migrate upward against the force of 
gravity when the overlying soil became sufficiently dry to reverse the 
potential gradient. The investigators found that neglecting the percola­
tion term could lead to misleading consumptive use estimates but they 
also warned of the difficulty of the development of a rational and satis­
factory method to predict the quantity. 
Significant quantities of deep seepage can percolate through humid 
area lands after periods of heavy rainfall or in irrigated lands after 
excessive applications of water. Soluble plant nutrients are leached 
through the root zone by percolating water. Leached nutrients from the 
root zone reduces soil productivity as well as degrades groundwater 
quality. Nutrient loss in percolating water was studied in weighing 
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lysimeters at Coshocton, Ohio. Dreibelbis and McGuinness (1958) reported 
significant nutrient losses in percolation water from silt loam soils. 
Maximum annual nutrient losses, in pounds per acre, were found for the 
following elements: 
Calcium - 51.8 
Magnesium - 30.2 
Nitrogen - 11.5 
Manganese - 0.6 
Sulfur - 82.2 
Annual percolation ranged from 8.3 to 16.0 inches, depending on cover 
crops and soil type. Nutrient loss figures were given for grass cover 
conditions; lesser amounts of percolation and resulting nutrient loss 
were observed for deeper rooted crops (Dreibelbis, 1954). 
Transport of ions by percolating water has been used advantageously 
to leach salts from saline soils. Excess water is applied to the soil to 
dissolve and transport salts to a drainage system. 
Deep seepage from the root zone represents a loss of soil moisture 
reserve for plant use but a gain to groundwater supply. In areas where 
groundwater is a source of domestic and industrial water supply, main­
tenance of water table levels may be economically feasible. Groundwater 
recharge techniques are used to promote percolation in these areas. 
The Agricultural Engineering and Agronomy departments at Icwa State 
University initiated a research program in 1963 in western Iowa to describe 
the hydrology of the deep loessial soil region. In conjunction with this 
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program, water balance studies have been conducted to determine the con­
sumptive use of corn. Deep percolation was assumed negligible in all 
consumptive use calculations. 
Water table levels at the research site showed a definite downward 
trend during the period, 1964-1968. Oewatering of the groundwater 
reservoir was possibly an indication of less than average percolation in 
the areas during the 4-year period. Less than average precipitation 
amounts, as well as high-moisture usage rates by corn grown each year, 
were assumed to be the factors causing the drop in water table elevations. 
Percolation can be increased by construction of level basin terraces 
in the region. Surface runoff is prevented and as a result, more water 
percolates to the groundwater reservoir. Other research studies in the 
area have shown that water yields from watersheds, however, are not af­
fected appreciably by level terrace systems. This would suggest that 
level terraces are not effective for moisture conservation but do improve 
the quality and time distribution of runoff from the land. 
The lack of knowledge concerning quantitative estimates of deep per­
colation provided the impetus for this study. Quantitative estimates of 
deep percolation were needed to better understand the hydrology 
of the study region. This study was initiated to develop a technique 
to estimate deep percolation from existing soil moisture records and 
to evaluate the results of the prediction. 
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CHAPTER II. OBJECTIVES OF STUDY 
The objectives of this study were: 
I. To study the process of unsaturated flow in porous media and 
make application to the process of deep percolation in loes-
sial soils. 
II. To conduct a research program to provide quantitative and 
qualitative data to allow prediction of soil moisture move­
ment from moisture profile records. 
III. To develop a mathematical model to analyze moisture profile 
records taken ^  situ to predict the rate and quantity of 
moisture transfer at the base of the root zone in uniform soils. 
IV. To evaluate deep percolation quantitatively from hydrologie 
records and to compare that value with the prediction model 
result. 
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CHAPTER III. LITERATURE REVIEW 
The study of deep percolation requires a thorough understanding of 
the basic concepts of unsaturated flow through soils. The physics and 
mathematics of unsaturated flew through porous media have received much 
research emphasis during the past twenty-five years. Many of the basic 
concepts were formulated during the early part of the twentieth century 
at a time when experimental techniques were not sufficiently developed 
to verify the theory. With the advent of in situ moisture measuring in­
struments and improved tensiometers much work has been and is presently 
being conducted to understand the phenomenon of unsaturated flow in soils 
and other porous media and to determine the validity of the basic concepts. 
The literature available in the field of porous media flow is 
voluminous. To review the entire area of study would be redundant since 
rather complete reviews of past studies of unsaturated flow are now 
available (Day et al., 1967; Miller and Klute, 1967; Gary and Taylor, 
1967; Kirkham and Powers, 1969). This review includes selected refer­
ences considered to be pertinent to understanding the physical concept 
of deep percolation. 
Theory of Unsaturated Flow 
Concept of soil water potential energy 
Miller and Klute (1967) stated that the forces which activate the 
movement of water in soils may be classified as mechanical (pressure, 
gravitational, centrifugal), molecular (thermal, osmotic, absorptive), 
and electrical. Rather than dealing with forces applied to soil water 
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directly,,an energy concept has been introduced. An energy distribution, 
being a scalar field, is usually easier to handle than a vector field 
of forces. Energy of soil water is normally referred to as total water 
potential. Flow velocities in soils are ordinarily so low that kinetic 
energy may be neglected. Therefore, the total energy of the soil water 
is in the form of potential energy. 
Buckingham (1907) was the first to define the concept of a capillary 
potential of soil water. This was a major break-through in the field of 
unsaturated flow theory. The capillary potential was recognized as a 
component of total soil water energy. Gardner and Widtsoe (1921) pub­
lished an early account to explain the relationship between capillary 
potential and the pressure in soil water. 
The potential energy of an infinitesimal body of water is defined 
(Day ^  , 1967) as the negative integral of the force over the path 
taken when moving the body of water from a predefined standard location 
to the point under consideration. When expressed per unit amount of water 
the potential energy thus defined is referred to as the potential of 
water ( ^) in the particular force field considered, or 
^^ k = ^ jr^ k'dL (3-1) 
where 
is the force per unit amount of water due to the field "k". 
F^  may be expressed in terms of (1) force per unit mass of water, (2) 
force per unit volume of water, or (3) force per unit weight of water, 
depending upon whether the energy per unit amount of water is required 
per unit mass, volume, or weight. The potential calculated from Equation 
(3~1) is a scalar quantity. The sum of the effects of different force 
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fields can be found by algebraically summing component potentials re­
sulting from different force fields, 
The total potential energy of a unit amount of soil water is normal­
ly considered to be made up of (1) a gravitational component, (2) a 
soil matrix component, (3) an osmotic component, and (4) a thermal com­
ponent. The gravitational component results from the gravitational force 
field; the matrix component from the shape and composition of the solid 
media phase; the osmotic component from effect of dissolved salts in 
the soil solution and the thermal potential from the difference in tem­
perature between soil water and that of water at a standard temperature. 
Soil moisture moves in the soil as a result of a difference in 
total potential between any two points. Buckingham (1907), Gardner and 
Widtsoe (1921), and Richards (1940) experimentally demonstrated this 
principle of unsaturated moisture movement in early soil moisture studies. 
Water can move in an unsaturated state in porous media either as (1) vis­
cous flow through liquid-filled pores and crevices, including quasiviscous 
flow reaching into the layers of adsorbed water on the solid surfaces or 
(2) vapor diffusing through air-filled pores. Liquid flow is the dominant 
mode of flow in.moist soils subjected to low thermal gradients. Vapor 
flow is not dominant until soils become quite dry, although the presence 
of large temperature gradients favors the contribution of this mechanism 
(Miller and Klute, 1967). 
Effects of thermal and osmotic gradients are small at the depths 
(3-2) 
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below the root zone of most plants. Flow resulting from such temperature 
and solute effects is considered minor when compared with liquid flow 
resulting from gravitational and capillary force gradients(Gary and 
Taylor, 1967). Hutcheon (1958) stated that the majority of flow caused 
by temperature gradients occurred in the vapor phase. Condensation of ex­
cess vapors in cooler regions of the soil mass could result in moisture 
flow, in the liquid phase, from cold to warm regions once a pressure 
gradient within the liquid is established. If soil is sufficiently moist 
to permit active liquid flew, equilibrium cannot be reached and continu­
ous circulation of water takes place within the soil. Flow due to thermal 
gradients is of consequence under natural conditions either (1) in the 
upper soil layer or (2) over long time periods when net flow of moisture 
may be significant.. 
If thermal and osmotic potential components are neglected, the total 
potential of water in soil is the sum of the gravitational and pressure 
potential terms, or the piezometric potential (Gary et al., 1967). If 
the potential is given in terms of energy per unit mass, the units of 
the piezometric potential are ergs/gm, but if the potential is expressed 
in terms of energy per unit weight, the piezometric potential has units 
of length, cm. This length is referred to as piezometric head. 
Darcy's Law 
In 1856, Darcy reported (Fancher, 1956) that the volume flow rate 
through porous media was proportional to head loss and inversely propor­
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tional to the length of the flow path, 
Q = k(AhA»)A (3-3) 
where 
Q = volumetric flow rate 
k = constant of proportionality 
Ah/L = gradient of piezometric head over length, L 
A = cross sectional area perpendicular to the direction of flow. 
This empirical relationship was developed from observations of water 
flowing under pressure in sand beds. Slichter (1899) generalized Darcy's 
law for three dimensional saturated flow, 
V = -kgirH (3-4) 
where 
V = apparent velocity 
kg = saturated hydraulic conductivity 
H = piezometric head. 
Richards (1931) postulated that Slichter's concept could be extended to 
the unsaturated case by assuming that both capillary conductivity and 
water content were functions of the capillary pressure head in the soil 
water. By use of this concept, Darcy's law was written as, 
V = -k^ (h) VH (3-5) 
where kg(h) was used to indicate that k was a function of the pres­
sure head, h, and that it was hysteretic in nature. Klute (1952b) 
pointed out that this form of Darcy's equation was equivalent to the well 
known Navier-Stokes equations with only body and pressure forces con­
12 
sidered to effect movement of soil water. 
Darcy's Law as extended to unsaturated flow implies that flow 
velocity is linearly proportional to the total head gradient. Swartzen-
druber (1963) found that proportionality did not exist at lower moisture 
contents for a horizontal absorption process into a silty clay loam. The 
non-Darcy behavior was tentatively attributed to non-Newtonian liquid 
effects caused by clay-water interaction. Miller and Low (1963) measured 
a threshold gradient for water flow in clay soils. The threshold gradient 
was defined as the hydraulic gradient below which no flow was detected. 
The threshold gradient was found to decrease with decreasing clay con­
centration and increasing temperature. The existence of the gradient was 
explained on the basis of a quasi-crystalline water structure developed 
near clay surfaces which attracted water molecules and invalidated Darcy 
type flow. 
Water can move in soils by either one or both of two distinct proces­
ses; bulk transport of fluid through the pores, or molecular transport or 
diffusion of individual molecules through the soil in a gaseous phase. 
Corey and Kemper (1961) hypothesized that bulk transport resulted from a 
gradient of hydraulic potential and molecular transport resulted from a 
gradient of free energy, or temperature. They proposed that the coeffi­
cients relating the flow rates to the driving potential gradients were 
different for the two types of transport and, furthermore, were affected 
in a different manner by properties of the soil media. Net flow could 
result from an area of lower total energy to one of higher total energy 
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if the hydraulic head of the former point was higher than the latter. Low 
(1961) refuted this since he believed that it defied the laws of classi­
cal thermodynamics. However, Corey and Kemper (1961) offered analytical and 
experimental evidence which, in their opinion, showed no single function 
in terms of the state of the fluid could be indicative of the magnitude 
or even the direction of net transport of water in soils. 
As evidenced by the preceding paragraphs, unsaturated flow through 
soils is a complex process and very difficult to describe mathematically. 
Non-Darcy behavior has been experimentally demonstrated. Simultaneous 
flow of water by bulk transport and molecular diffusion may further com­
plicate the solution of flow problems if the two modes of transport are 
quantitatively of the same order of magnitude. However, in moist soils 
where only small thermal gradients exist and osmotic pressures are 
negligible, it may be assumed that the majority of water is transferred 
by fluid flow or bulk transport rather than by gaseous diffusion. It is 
often assumed that velocity of flow in soils is a direct function of the 
piezometric or total head gradient. Because the pressure head of water 
in unsaturated soils is often used as a measure of the capillary potential, 
the total head, H, for unsaturated soils may be written as 
(Kirkham and Powers, 1969) 
H = y + z 
where 
 ^= pressure or tension head (negative quantity) 
z = height above reference plane. 
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Development of the unsaturated flew equation 
Various writers (Klute, 1952a, Richards, 1931, and Kirkham and Powers, 
1969) have developed in detail, the unsaturated flow equation. The de­
velopment as presented by Kirkham and Powers (1969) is included to offer 
better understanding of the physical flew process. To develop the flow 
equation the equation of continuity and Darcy's law for unsaturated flow 
must be solved simultaneously. 
The equation of continuity for an incompressible fluid may be written 
as, 
+ ÈIZ + iï2_) (3-6a) 
3t 3x à y â z 
or 
do 
= -V'V (3-6b) 
where 
= moisture flux in the i^  ^direction 
V = velocity vector' 
e = volumetric moisture content 
t = time. 
If the assumption that Darcy's law is applicable to unsaturated flow, the 
velocity as a function of the gradient of total head can be written 
V = -k^  (3-7) 
or 
, àH âH , 
=-kx — ' "^ y = -ky —. Vg = -kg ^ (3-8) 
where 
k£ = capillary conductivity in the i^  ^direction 
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H = total head, V+z • 
Substituting the expressions for the velocities in Equation (3-8) into 
the continuity Equation (3-6a) results in the equation 
Equation (3-9) may be further simplified if the assumption is made that 
the soil is isotropic, i.e. k* = ky = kg = k. Equation (3-9) can then be 
written as 
If.  I (k|S)) • 3x ox dy dy 0 z 3z 
Note that Equation (3-10) is valid only in the case where Darcy's law is 
applicable and where the soil is isotropic. 
The total head, H, is the sum of the pressure head and elevation 
head. Total potential, is not used since it is normally reserved for 
the case where osmotic and.temperature potentials are included. The nega­
tive pressure head in unsaturated soils is a measure of the capillary 
potential and is denoted by ^ . Numerically it is the length of a hanging 
water column required to obtain a tension equivalent to that in the soil 
water. When expressed in length units, the capillary potential Is given by 
^ - [p/c g| 
where 
P = pressure in soil water 
€ = density of water 
g = gravitational constant. 
Substituting the quantity, H = 9^ + z,into Equation (3-10) yields 
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f? ' &;) +ir! -
This equation can be more easily expressed in vector notation as 
=V. (kVH) (3-llb) 
which was originally developed by Richards (1931). 
Childs and Collis-George (1948, 1950) proposed that and K be 
considered unique functions of soil moisture content in the absence of 
hysteretic effects. If = S''(0) and 0 = e(x,y,z,t), then &^ =(f[@(x,y,z,t)] 
If it is further assumed that P is a continuous function of 0, then the 
chain rule of differentiation may be used to express as 
3^  39 
3x = 3 G 3% ' 
If this transformation is used and a new term, D, is defined as D = 
K 8 V J Equation (3-lla) may be written as 
dO 
1® = 52) , a_(D 2S) . ^(D âS) * »!=. (3-12) 
9t 9x 3x 3y 3y Sz  ^z dz 
Equation (3-12) is the diffusivity equation in three dimensions. Written 
for the case of one dimensional flow it simplifies to 
|7-=^ (D|2), (3-13) 
3t 3x ax 
for horizontal flow in the x. direction and, 
90 a _ dQ 0k 
(3-w 
for vertical flow in the z direction. 
Diffusivity was physically described (Staple and Lehane, 1954) as 
the horizontal flow velocity in a uniform soil resulting from a unit 
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moisture gradient* Diffusivity is normally assumed to be a unique func­
tion of soil moisture in the absence of hysteresis, but some investi­
gators including Swartzendruber (1963) have demonstrated that it may also 
be a function of moisture gradient at low moisture content level in 
soils with a high clay fraction. Both diffusivity and capillary con­
ductivity exhibit hysteresis with moisture tension. This problem will 
be discussed in a later section. 
Analytical and Numerical Solutions to Flew Equations 
The equations of flow in one dimension are non-linear partial dif­
ferential equations with variable coefficients. A non-linear differential 
equation is one for which the sum of its independent solutions each 
multiplied by an arbitrary constant, is not necessarily a solution to the 
equation (Kirkham and Powers, 1969). Non-linearity greatly complicates 
the mathematics of unsaturated flow problems. Analytical solutions of 
the flow equation have been made only for problems with restrictive 
boundary conditions. Problems such as those met under field conditions 
must be solved numerically. A brief review of the methods of solution 
of the unsaturated flow problem for different cases will follow. 
Analytical solutions 
The horizontal, one dimensional flow Equation (3-13) has been solved 
for various boundary conditions. Three general assumptions have been 
made to allow solution of the equation: (1) steady state flew conditions, 
(2) constant diffusivity, D, or (3) diffusivity, a unique function of 
moisture content, 6. Steady state flow conditions are seldom found in 
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the field and have limited application. The assumption of constant dif-
fusivity for a flow process has been shown to be incorrect in most soils. 
The third assumption, D = D(0), has been found to be a good approximation 
in the absence of hysteresis. 
Klute (1952a), Phillip (1955), Gardner and Mayhugh (1958), and 
Gardner (1959) used the Boltzman transformation to solve the horizontal 
diffusivity Equation (3-13). The transformation requires the assumption 
that moisture content, 6, is a function of ^  , where X is a function of 
X and t, 
0 = f(X) (3-15a) 
where 
5-= xt"^  . (3-15b) 
This transformation and appropriate conversion of the boundary conditions 
can be used to convert Equation (3-13) into an ordinary differential 
equation with  ^as the dependent variable. Gardner and Mayhugh (1958) 
and Gardner (1959) assumed an exponential relationship between diffusivity 
and water content, and applied the transformation to an evaporation prob­
lem. Solutions were obtained for flow in both semi-infinite and finite 
media under isothermal conditions where gravity effects were absent or 
negligible. Boundary conditions considered were as follows: 
0(x,t) = OQ X > 0 t = 0 (3-16a) 
0(x,t) = 0jj X = 0 t 0 (3-16b) 
When the Boltzman transform is used, the solution of the reduced differ­
ential equation requires that "X be a unique function of 0. Under this 
assumption all moisture profiles are represented by a single plot of X 
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versus e. Phillip (1955) devised a numerical technique to solve the re­
duced horizontal infiltration equation, 
i ® do XdO = -D^  (3-17) Gn 
to obtain the X = %(0) relationship for the case where D was a function 
of 6 and was known from experiment. 
Phillip (1957a) also solved the vertical flow equation for the case 
of infiltration into a semi-infinite soil column at a uniform moisture 
content. He replaced z in Equation (3-14) by (-x) to allow x to increase 
in the positive downward direction. He solved the equation, 
= _à_ (E^ ) _ (3-18) 
ôt dx ax ax 
subject to the boundary conditions, 
0(x,t) = 0n t = 0 x>0 (3-19a) 
0(x,t) =©0 t $ 0 X = 0 (3-19b) 
where 8^  was the initial volumetric moisture content. As a first esti­
mate of X, Phillip dropped the last term of Equation (3-18) and solved 
the non-linear diffusion equation for the case of horizontal infiltration, 
(3-20) 
where x' was the first estimate of x. The boundary conditions for 
Equation (3-20) were 
0(x',t) = ©ti t = 0 x' > 0 (3-21) 
0(x',t) = 00 t » 0 X' = 0 (3-22) 
and, as for Equation (3-13), the solution was found 
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x' = 0 (3-23) 
where 0 was a function of G, and x' was the first approximation to the 
solution of Equation (3-18). 
To obtain better approximations Equations (3-10) and (3-20) were 
transformed to make x and x' dependent variables. By subtracting these 
two equations, a differential equation was obtained with (x-x*) as the de­
pendent variable. Phillip defined the difference between the true solu­
tion and the approximate solution y, 
y = X - x', (3-24) 
or 
X =  X* + y . (3-25) 
An approximate solution was obtained for y and called y*. Equation 
(3-25) was then written as 
X = x' + y' + z . (3-26) 
Again Phillip found an approximate value of z, z*, and continued the pro­
cedure to obtain the solution as an infinite series of the form, 
X = x' + y' + z' + w' + ... (3-27) 
The final formula (Phillip, 1957a, equation (5.7)) was expressed as 
X = 0(0) t^  + X(©)t + yXQ)t3/2 + (3.29) 
Applications of the above equation to the problem of infiltration was 
made in a famous series of papers by Phillip (1957b, 1957c, 1957d, 
1957e, 1957f, 1958). 
Numerical solutions 
Ashcroft et £l. (1962) solved the finite difference form of the 
horizontal infiltration equation numerically by (1) devising suitable 
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difference analogues for the difference equation, (2) developing a method 
for choosing diffusivity to convert the non-linear difference analogues 
into linear equation, and (3) solving the set of linear equations. The 
results showed that the numerical solutions obtained compared favorably 
with analytical solutions solved with aid of the Boltzman transform. 
Hanks and Bowers (1962) developed a technique to solve the vertical 
infiltration problem for the case of a layered soil. Solutions were ob­
tained for infiltration into a loam over a silt loam subsoil and showed 
that infiltration was governed by the flow through the less permeable 
soil if the wetting front had extended well into the second layer. The 
method required the following information in addition to the boundary 
and initial conditions: 
(a) The relationship between moisture content and pressure head. 
(b) The relationship between moisture content and moisture dif­
fusivity. 
(c) A high speed computer. 
The method did not require that; 
(a) the soil be homogenous throughout, 
(b) the soil be semi-infinite, 
(c) gravity be negligible, or 
(d) the initial moisture content be uniform. 
Green et al., (1964) extended the procedure to study the effect of crust­
ing of the upper surface layer on the infiltration capacity of a soil. 
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Another approach used for the solution of the vertical infiltration 
equation has recently been proposed by Rubin (1966). A transformed vari­
able was introduced as the dependent variable in the equation rather 
than moisture content or pressure head. The transformed variable was 
def ined as, 
and both h and H represent the pressure head variable. The constants 
Hmax were the respective upper and lower bounds of the pressure 
head in the porous medium. By use of a numerical solution of the trans­
formed equation, quantitative information on the moisture profiles and 
infiltration rates during non-ponding, preponding, and ponded rainfall 
were obtained. 
The case of drainage after cessation of infiltration was studied 
(Remson et al., 1965; Wassmuth^ .^, 1966) by assuming single valued • 
functions of diffusivity and unsaturated conductivity. Remson et al. 
(1967) developed a flexible computer program capable of solving moisture 
flow problems in a variety of systems. The following conditions could be 
handled: 
(1) One, two or three dimensional unsteady flow, 
(2) Non-homogeneous soil, 
(3) Sinks and sources in the system, 
(4) Irregular distribution of initial and boundary conditions. 
k(h)dh (3-30) 
where 
k(h)dh (3-30a) 
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(5) Influence of gravitational and capillary potentials, and 
(6) Non-linear, multivalued relationships between matrix moisture 
content, capillary potential, and conductivity could be speci­
fied. 
Staple (1966) and Ibrahim and Brutsaert (1968) presented numerical solu­
tions which accounted for the hysteretic nature of the tension-moisture 
characteristic of soil water. The subject of hysteresis will be further 
discussed in a latter section of this review. 
Three dimensional steady state flow in heterogeneous soils was 
analyzed numerically by Reisenauer (1963). Seepage from canals was 
examined for various underlying geological formations. 
TVo rather unique analyses of the unsaturated flow problem have appeared 
in the literature recently. Wang (1963) and Wang et al. (1964) used a concept 
of moving sections having a fixed moisture content which varied in size with 
time to estimate moisture flow during infiltration in uniform soils. In 
another study, an electric analog was developed to approximate the non-
steady state, one dimensional solution of several moisture, temperature, 
and air pressure problems in soil (Hanks and Bowers, 1960). The simulator 
consisted of a resistance-capacitance network with accessory units for 
setting initial conditions and recording the simulated variable with time 
and depth. The method may have application to moisture flow problems if 
electrical components can be varied in response to impressed voltage to 
simulate varying conductivity and tension heads with moisture content. 
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Experimental Investigations Related to the Solution of 
the Diffusivity Equation 
Classical experiments on the downward entry of water into air dry soils 
were performed ty Bodman and Coleman (1943) and Coleman and Bodman(1944). They con­
cluded on the basis of their experiments, that the decrease in infiltration rate 
with time was caused primarily by a decrease in the moisture potential 
gradient within the transmission zone, and that the-moisture content at 
the wetting front remained initially constant regardless of the depth 
of wetting. In the 1944 study, infiltration rate into layered soils was 
observed to be governed by the least permeable layer such as Hanks' and 
Bowers' (1962) numerical solutions later indicated. Observed moisture 
profiles were characterized by five zones observed from the surface 
downward to the wetting front; 
1. Saturated zone 
2. Transition zone 
3. Transmission zone 
4. Wetting zone 
5. Wetting front. 
Phillip's solution (1957d) predicted qualitatively all of the zones except 
the transmission zone. 
Kirkham and Feng (1949) initially reported that the rate of advance 
of a wetted front and the cumulative infiltration function of water enter­
ing air dry soil under a small tension were linear functions of the 
square root of time. This relationship was observed by other investi­
gators where water sources were supplied at or near zero pressure head 
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(Gardner and Mayhugh, 1958; Nielsen ^  , 1962). However,if water 
sources were supplied at pressure heads of -50 to -100 cm.,deviations 
in the linear relationship were observed. This non-linear behavior has 
not been explained from a theoretical viewpoint. Nevertheless the square 
root of time law, which was based on experimental observations, has been 
a major discovery in the analysis of unsaturated porous media flow. 
Further experimental evidence to verify Phillip's (1957a) vertical 
flow solution was obtained by Youngs (1957) and Nielsen ^  , (1961). 
Youngs (1957) compared experimental profiles in columns of slate dust 
and glass beads with the upper surface maintained at saturation with those 
obtained from theory and found good agreement for both media. Moisture 
profiles during infiltration into two loess-derived field soils, Ida 
silt loam and Monona silt loam, were obtained experimentally and compared 
with solutions of the vertical flow equation by Nielsen et (1961). 
The calculated moisture profiles were based on physical measurements of 
the top 30 cm. of the soils. Differences between predicted and observed 
profiles were explained on the basis of the variation of properties of 
the entire profile from the first 30 cm. and also on the size of field 
plots. 
Watson (1967) reported good agreement of experimental moisture pro­
files in an initially saturated sand column with those obtained by solv­
ing the vertical flow equation numerically. The moisture-tension-
conductivity relationships for the mathematical solution were obtained 
from simultaneous records of dynamic tension and moisture content during 
drainage of the experimental column. Tension-time curves and moisture 
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content-time curves provided the tens ion-moisture content relationship. 
Conductivity values were obtained from instantaneous velocity, potential 
gradient and water content profiles. 
Luthin and Day (1955) studied lateral movement of water above a 
water table under steady state conditions and compared experimental re­
sults with those obtained from a numerical solution of the flow equation. 
Lateral flow was induced in a sand filled tank by maintaining a small 
difference in head between constant head reservoirs located on each side 
of the sand filled tank. The experimentally determined values of hy­
draulic head and lateral flow quantity were then compared with theoretical 
predictions. Experimental results were found to approximately agree with 
values calculated from theory. ' Application of this method could be used 
for such problems as lateral flow in a hillside slope or flow through 
an earthen dam. 
Determination of Unsaturated Conductivity and Diffusivity 
Knowledge of the relationships of unsaturated conductivity and dif­
fusivity with either moisture content or pressure head is required for 
unsaturated flow prediction. However, accurate and repeatable measure­
ments of these relationships have been difficult to obtain. Because 
diffusivity and conductivity show definite hysteretic effects, especially 
as functions of pressure head, the problem is further complicated. 
Four general methods have been used to measure conductivity and dif­
fusivity; (1) steady state methods, (2) transient outflow methods, (3) 
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methods derived from characteristics of porous media, and (4) simultaneous 
measurement of moisture content and tension during unsteady flow. 
Steady state methods 
For measurement of conductivity under steady state conditions, each 
end of a soil sample is connected to a water tension column and a dif­
ferential pressure is maintained across the sample. From measurements 
of flow rate and head gradient through the sample, conductivity for the 
mean moisture content or pressure heas is calculated (Nielsen and Biggar, 
1961). Corey (1957) developed a unique experimental apparatus to study 
unsaturated permeability of soils. Simultaneous flow of air and water 
under the same pressure gradient was used to maintain a uniform water 
saturation within the sample during the measurements. Various states of 
saturation of the sample were obtained by reducing the water pressure 
with respect to the air pressure. 
Transient outflow methods 
Transient outflow methods have been used extensively for determina­
tion of diffusivity and conductivity relationships in soil samples. 
Gardner (1956) first developed the mathematical description of the out­
flow process from a sample in a pressure plate device and proposed a 
method to determine diffusivity and conductivity relationships from 
measurements of outflow from the sample as a function of time. For the 
test, a sample was allowed to come to an equilibrium moisture condition 
with a pressure inside the device at P^ . Pressure was increased in­
stantaneously to a slightly higher pressure, + A P. It was'^ assumed 
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that during the resulting outflow process (a) the capillary conductivity 
of the soil was constant, and (b) the relation between water content and 
suction was linear. Both of these conditions were approximated only if 
the pressure increment was small. Two boundary conditions were assumed 
in the mathematical solution; (1) no flux at the upper boundary of the 
soil sample, and (2) zero effective pressure (final pressure-soil water 
suction) at the lower boundary. The assumption of negligible membrane or 
porous plate impedance was made to allow the lower boundary condition to 
be satisfied. An outflow curve, defined by the outflow yet to come, 
plotted against the logarithm at time, would plot as a straight line under 
assumed conditions. The slope and intercept of this curve were used to 
calculate diffusivity and conductivity. The experimental plot has 
been shown to be non-linear immediately after the initiation of outflow 
and again after long time periods. The resultant shape was attributed to 
the effects of membrane impedence and non-constant diffusivity. 
Gardner's (1956) method was extended to allow for impedance of the 
supporting membrane or porous plate (Miller and Elrich, 1958, Rijtema, 
1959). These methods allow more of the outflow data to be utilized to 
determine conductivity. Kunze and Kirkham (1962) refined Miller and 
Elrich's (1958) technique to reduce the calculations required. Plate im­
pedance and variable contact impedance were accounted for by use of the 
initial portion of the outflow curve. Klute et al., (1964) modified the 
one-dimensional outflow problem to a radial flow condition and applied 
the solution to results obtained from a radial flow pressure cell. 
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Consistent results from outflow tests have been difficult to achieve. 
Problems are encountered even when membrane impedance is accounted for 
in the analysis. Jackson ^  al. (1963) presented a critique of outflow 
methods based on a constant diffusivity during the outflow increment. 
They concluded that data obtained from the outflow method may be uncer­
tain by an order of magnitude. Ohmstede (1964) presented the results of 
a numerical analysis of the outflow problem considering the variable dif­
fusivity during the process. Results indicated that linear theory 
(Gardner, 1956) was significantly inaccurate in the representation of 
unsaturated flow in a soil subjected to finite pressure perturbation in 
a pressure plate apparatus. A method based on the results of a numerical 
analysis of the problem was presented to allow outflow data for the en­
tire range to be used to determine diffusivity. He suggested that mem­
brane effects were minimized by increasing the soil slab thickness, de­
creasing the pressure increments and working at high matrix suctions. 
The outflow tests described are time consuming and require precise 
outflow measuring equipment. Doering (1965) used Gardner's (1962a) 
mathematical solution to experimentally determine diffusivity from a one-
step outflow test. The method had the advantage of a smaller time re­
quirement as well as requiring less precise outflow measuring equipment. 
Results from the one-step test were as reliable as those from other out­
flow methods. The assumption of constant diffusivity over a range of 
water content was not required. Further details of the one-step method 
are given in Appendix D. 
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Outflow methods allow the diffusivity and conductivity relations to 
be defined during drainage of a soil. In contrast, Bruce and Klute 
(1956) developed a procedure to determine the diffusivity of a soil 
during moisture imbibition into a horizontal column of a soil at an ini­
tially uniform moisture content. Water was suppled to the end of a 
column at atmospheric pressure and allowed to infiltrate for a given 
length of time. At the end of the infiltration period, the moisture pro­
file of the column was determined. Diffusivity was calculated using the 
moisture profile and the solution of the horizontal flow Equation (3-13). 
Moisture content, 6, was assumed to be a function of X. where A. = x/t^ . 
The numerical integration of the area under the © versus >. curve allowed 
the diffusivity value to be obtained for the moisture range measured 
in the column. 
An infiltration method to measure conductivity was described by 
Youngs (1964). Water under tension was supplied to the top of a vertical 
column which contained soil at uniform moisture content. A record was 
kept of the cumulative infiltration into the column and the advance of 
the wetting front. After long periods of infiltration the velocity of flow 
through the uniform portion of the moisture profile was used as an esti­
mate of the conductivity. 
Methods relating conductivity to characteristics of the porous media 
Various investigators have attempted to relate the conductivity of 
a porous media to the characteristic water release curve or the pore size 
distribution of the medium. Childs and Collis-George (1950) showed that 
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unsaturated conductivity of sands and slate dust could be calculated from 
the pore size distribution. Each pore was assumed to be characterized by 
an effective radius which could be used in Poiseuille's equation to de­
termine the rate of flow through a capillary tube. A composite conduc­
tivity for a medium was obtained by summing the incremental contribu­
tions of each pore of a cross section. Marshall (1958) further improved 
the technique of computation for the method. The Childs-Collis-George 
method requires matching of theoretical and experimental conductivity 
curves at a point. It is suitable only for calculating values of perme­
ability as a function of capillary pressure or saturation relative to 
the experimental value and cannot be used to calculate absolute values of 
conductivity. Nielsen et al. (1960) compared measured capillary conduc­
tivity of two loess soils and two glacial till soils with values obtained 
from the Childs and Collis-George and the Marshall methods. Results 
showed that the Childs and Collis-George method could be used with agri­
cultural soils in the suction range studied. Marshall's method did not 
yield good results in its original form but could be improved through the 
use of a matching constant. These methods were based on the Kozeny equa­
tion of hydraulic flow. The generalized Kozeny equation as used can be 
written as 
2 2 0 a cos a (3.31) 
where 
K = intrinsic permeability at any saturation, S, and at 
capillary pressure, 
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0 = porosity 
k = pore shape factor (approximately 2.5 for granular earth materials) 
t = tortuosity of pore spaces in the medium 
a = surface tension of wetting fluid, and 
a = angle of contact of the air-liquid interface with the matrix 
solids. 
The Kozeny equation was also used by Brooks and Corey (1964) to 
predict permeability of various porous media from characteristics ob­
tained from the desaturation-tension curves of the media studied. The 
details of their method are given in Appendix E and will not be given 
in this section. 
Simultaneous measurement of velocity and hydraulic gradient 
Richards and Weeks (1953) obtained capillary conductivity estimates 
during drainage of disturbed soil sample columns by measuring tension with 
depth and time during drainage. Tension heads were converted to moisture 
contents through use of a tension-desaturation curve. The velocity of 
flow across any given plane was calculated in the time derivative of the 
volume of water stored above that plane. The hydraulic gradient was ap­
proximated from the tension-depth curves and conductivity estimates ob­
tained by dividing the velocity by the hydraulic gradient. Similar ex­
periments have been performed by Watson (1966, 1967). Watson, however, 
used a gamma-ray moisture measuring device to obtain moisture contents 
and used an instantaneous profile technique to obtain a velocity profile 
for the entire column. Simultaneous use of the profiles of macroscopic 
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flow velocity, potential gradient, and water content allowed conduc-
tivity-water content relationships to be obtained. 
Measurement of Soil Water Tension and Moisture Content 
Advanced methods of measuring both moisture tension and moisture 
content have made possible verification of mathematical models describing 
unsaturated flew in porous media. Development of _in situ measuring de­
vices has allowed field observations of practical problems to be studied. 
For early developments in the field of moisture and tension measurements, 
see Baver (1956). A more timely review of the methods and procedures 
for use may be found in W. H. Gardner (1965). 
Richards (1949) presented a complete review of the operating charac­
teristics of tensiometers. The time response characteristics of a tensiome­
ter were discussed and related to the sensitivity of the tensiometer to 
moisture tension changes. Watson (1965a)described the operation of a 
system of tensiometers connected to one pressure transducer through a 
multi-inlet valve to allow electronic sensing of moisture tension. The 
effective range of the tensiometer system was 0-0.8 atmospheres. 
Porous plate apparatus can- be used in the laboratory to measure soil 
moisture tension in soil cores. A soil core is placed on a saturated 
porous plate or membrane and sealed in a pressure chamber. Applied air 
pressure forces water out of the sample until air-water interfaces within 
the soil matrix have sufficient curvature to counteract the applied pres­
sure. Pressure membrane apparatus can be used at pressures up to 30 
atmospheres. For high pressure work, the pores of the porous membrane 
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must be very small or air leakage will result. The air entry value of 
a porous plate is defined as the pressure at which air will bubble 
through an initially saturated plate (Richards, 1949). Pressure plate 
apparatus for single soil cores have been developed to study water re­
tention characteristics of undisturbed soil cores (Reginato and van 
Bavel, 1962). Air leakage in pressure plate apparatus is a common prob­
lem. Seals must prevent air leakage or appreciable error can be intro­
duced by vapor diffusion from the sample to the outside atmosphere 
(Johnson and Perrier, 1962). 
Tension-moisture relationships can be measured under both dynamic 
and steady state flow conditions. The assumption is usually made that 
the tension moisture relationship measured under equilibrium conditions 
is applicable for dynamic conditions and vice versa. Comparisons have 
been made of the tension-moisture relationship for sand obtained under 
equilibrium, steady state, and unsteady state conditions by Topp et al. 
(1967). During drying, more water was retained in sand at a given 
pressure head for unsteady flow than for either the static equilibrium or 
steady flow cases. Results for the two latter cases agreed with each 
other. In contrast, Watson (1965b)found that unsteady tension measurements 
compared favorably with static equilibrium conditions. 
Water content measurements can be made by direct or indirect methods 
(Gardner, 1956). Water is removed from the sample and the amount measured 
with a direct method. The most common direct method is oven drying. 
Other methods of drying by burning alcohol or infrared heat sources have 
been proposed but are not widely used. 
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Several indirect methods have been proposed to measure water content. 
Some physical or chemical property of the soil which varies with moisture 
content^  is measured. A calibration procedure is then required to relate 
moisture content to the property measured. Water tension measurement is 
an example of an indirect method; the relationship between tension and 
moisture content is required for calibration. The common resistance block 
is another example. Resistance of a porous block implanted in the soil 
varies with the moisture content of the surrounding soil. Both the 
tensiometer and resistance block methods respond to measure changes in 
moisture tension rather than moisture content. Since the relationship 
between moisture content and tension is hysteretic in nature, these methods 
are accurate only when the soil undergoes no moisture content reversal 
during the period of measurement. 
One of the most significant advances in moisture measurement in the 
field was the development of the neutron scattering technique. Gardner 
and Kirkham (1952) developed one of the first neutron probes for soil 
moisture use and presented the theory of neutron scattering. High energy 
neutrons (0.1 to 10 mev) are emitted from a source of Ra-Be or Am-Be. As 
high energy neutrons penetrate the soil mass they are slowed and scattered 
by elastic collisions with atomic nuclei. In the process of thermalization 
neutrons lose energy or are captured. The concentration of hydrogen atoms 
in the surrounding mass is highly correlated with the distance a fast 
neutron must travel before it becomes thermalizad. The greater the mean 
distance away from the source that a neutron travels, the larger the 
volume occupied by thermal neutrons and the lower the neutron density in 
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the soil around the source. Since the major source of hydrogen in the 
soil is water, the thermal neutron density provides a measure of the 
water content in the soil near the source. Thermal neutrons are detected 
with an ionization detector tube filled with BF3 gas. 
One of the major disadvantages of the neutron method is the poor 
resolution quality for detecting abrupt moisture content changes with 
depth. The smaller the sphere of influence of the probe, the better the 
resolution property. The sphere of influence is inversly proportional 
to volumetric moisture content, van Bavel (1956) reported that 
the sphere of influence of a probe used in their tests could be approxi­
mated by 
D = 15 JlOO/volumetric moisture percentage' (3-32) 
where D was the diameter of the sphere of influence in cm. The sphere of 
influence in pure water was found to be approximately 15 cm. in diameter. 
McHenry (1963) tested two commercially available probes to determine their 
resolution characteristics. He found that each probe could detect wet or 
dry layers of 1-inch thickness and two layers 4 inches apart. The minimum 
thickness of a layer required for each of the probes to be influenced 
only by the moisture content of the layer was in the range of 10-12 inches. 
Principles of operation, description of the instrumentation required, 
and calibration techniques may be found in van Bavel (1958). Satisfactory 
results with neutron scattering methods have been reported by many in­
vestigators. Weeks and Stolzy (1958) found acceptable agreement between 
gravimetric and neutron records for soils placed in large cylindrical 
laboratory soil columns. Letey et al. (1961) used a neutron probe to 
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measure infiltration and the position of a wetting front in soil packed 
in metal containers. The position of the wetting front was detected 
from a previous calibration procedure to determine the range of the 
probe. Count reduction resulting from neutron escape from the upper soil 
surface was. reported. Tension moisture relationships obtained from 
field data was attempted by Stolzy ^  , 1958. Fair agreement was ob­
tained between field and laboratory tension-moisture content curves. 
Errors of measurement resulting from neutron probe readings have 
been analyzed by van Bavel (1962) and Hewlett ^  al. (1964). Statistical 
models were developed to estimate error. Hewlett ^  (1964) stated 
that instrument and timing errors were insignificant components of the 
standard error of estimate of the timing interval in greater than 30 
seconds. 
A gamma ray absorption technique has been recently developed to 
measure water content of laboratory columns (Ferguson and Gardner, 1962; 
Davidson et al., 1963). Moisture content is detected from changes in soil 
density, for those soils in which pore geometry remains unchanged during 
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water content variations. Cs is used as a gamma-ray source for most 
installations. Gamma rays are collimated through a narrow slit before 
passing through the soil column. Radiation penetrating the column is detec­
ted with a scintillation detector. Ferguson and Gardner found that a 
resolution of 1 cm. could be obtained with the method and indicated that 
even better resolution was possible. Rapid measurements are possible with 
no flow impedance in the column. Watson (1965b, 1967) developed a system 
using the gamma radiation device having provision to automatically read 
and record moisture content with time. 
A two probe gamma density device for field use has new been com­
mercially developed. Ligon (1968) reported the performance of the de­
vice to study moisture changes during infiltratioh, drainage, and évapo­
transpiration in the field. Two vertical tubes were placed 12 in. apart 
in the soil. A gamma source was placed in one tube and a detection counter 
in the other. The system was capable of measuring moisture changes with­
in \ inch of the soil surface and near interfaces in the soil profile 
but electronic drift and apparent temperature sensitivity of the portable 
gamma-ray detection equipment limited the potential of the method. 
Development of equipment to make situ measurements in the field 
have led to a better understanding of the role of soil moisture transfer 
in the hydrologie cycle. The high variability of soil moisture condi­
tions which are found in natural soil between locations requires an ex­
tensive sampling program to evaluate the true moisture conditions in a 
field. This variability will appear in moisture determinations obtained 
by any method. Staple and Lehane (1962) studied variability patterns 
for total moisture content in the upper four feet of a clay loam soil. 
The standard deviation of soil water stored in the profile at seeding 
time varied from 0.6 to 1.3 inches. The variability changed from year 
to year and to some extent from season to season depending on weather and 
cropping conditions. Variability was minimized on areas of uniform soil 
texture and on nearly level well drained topography. It was recommended 
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that from six to ten samples would be required in a small plot area to 
provide assurance that the least significant difference between means of 
two treatments be less than 0.5 inches of water. 
Hysteresis in Soil-Moisture Relationships 
Tension-moisture content curves exhibit hysteresis, that is, a 
different curve is defined for wetting than for drying. Soil water 
tension at a given moisture content is also a function of the wetting 
and drying history of the soil. Tension at a given moisture content may 
be represented* depending on the previous history of the soil water, between 
the upper and lower levels defined by the boundary tension curves. If a 
soil is initially saturated and tension is applied to soil water of suc­
cessively higher levels, a drying boundary tension curve for that soil is 
defined. If instead, the soil is initially oven-dry and then allowed to 
wet under decreasing levels of tension, a wetting boundary curve is 
defined. Tension experiments show that tension levels are higher for 
drying processes than for wetting processes for a constant moisture content. 
If a reversal in water content is experienced, tension is represented 
by a scanning curve located between the boundary tension curves. Scanning 
curves are ordered; a primary scanning curve results if a moisture reversal 
occurs after water tension is represented by a boundary tension curve. 
A secondary scanning curve is defined after a moisture reversal in a soil 
previously represented by a primary scanning curve. Hysteresis is also 
observed between scanning curves. Scanning curve loops defined by al­
ternate processes of wetting and drying are subsets of the boundary curve 
loop. 
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The subject of hysteresis has frequently been avoided by analyzing 
problems with soils either always wetting or always drying. If no 
moisture content reversal occurs, then a unique tension moisture curve 
can be defined and used with confidence. However, natural soils are sub­
jected to alternate wetting and drying processes. Redistribution of soil 
moisture following infiltration is an example. Youngs (1958) analyzed 
moisture profiles obtained during redistribution in horizontal columns of 
slate dust and glass beads. He qualitatively showed how hysteresis af­
fected the potential distribution at the cessation of infiltration. 
Hysteresis was assessed experimentally (Staple, 1962) by measurement of 
the tension and moisture content at various sections of a soil column at 
different time intervals during redistribution of a silt loam soil. 
Primary drying scanning curves were obtained from the experimental data. 
In a later publication, Staple (1965) compared soil moisture tensions, 
diffusivities, and conductivities obtained during a wetting cycle with 
those obtained during a drying cycle. In the 30-40 percent moisture 
content range, tensions on wetting were only 1/3 those on drying. 
Hysteresis is prominent in both tension-moisture relationships and 
conductivity-tension relationships in many soils. Neilson and Biggar 
(1961), however, found less hysteresis in the conductivity-water content 
relationship than in the conductivity-tension relationship. They used 
the results as evidence to justify the assumption of a unique relation­
ship between conductivity and moisture content. Topp and Miller (1966) 
found negligible hysteresis in the conductivity-saturation curve for two 
different glass bead media. 
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Poulovassilis (1962) introduced a new concept to explain the effect 
of hysteresis. He used an independent domain theory which assumed that 
the total volume of water drained from a porous body when suction (tension) 
was increased from zero to reentered when the suction was re­
laxed from Smajj to zero, could be subdivided into small volume elements. 
Each of these elements retained its identity and was completely specified 
by a pair of small suction ranges, to ^ S^ +dS^  and jSg to ^ Sj+dSj. 
The former represented the suction range over which an element drained 
from the medium, and the latteir, the range over which it reentered the 
medium. A discrete bivarate distribution of the volume elements as a 
function of both the drying suction, Sg, and wetting suction, 8g, was 
determined experimentally from a set of wetting scanning curves. Theoreti­
cal scanning curves compared favorably with experimental results obtained 
in later tests. Topp and Miller (1966), however, found that the inde­
pendent domain poorly fit scanning curves for glass bead media. The in­
dependent domain theory was extended by Phillip (1964), He developed a 
bivariate density function to quantitatively describe the hysteresis 
property rather than use the discrete form of Poulovassilis. The function­
al form of the distribution was assumed to be 
f(a,P) = -g(P) h(a/P)/P (3-33) 
where and P represented wetting and drying capillary potentials. 
Various techniques have been used to incorporate hysteresis effects 
into solutions of flow problems involving successive wetting and drying 
processes. Staple (1966) used a numerical method to compute infiltration 
and redistribution of water in a silt loam soil. Hysteresis of tension 
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and conductivity relationships was accounted for at each depth in the upper 
profile by interpolating between experimentally developed scanning curves. 
Whisler and Klute (1965) described a numerical technique to solve a simi­
lar problem. Hypothetical scanning curves were used as inputs to describe 
the hystarutic nature of the tension relationship. Rubin (1967) repre­
sented drying scanning curves with exponential functions between the 
wetting and drying boundary curves. Scanning curves left the wetting 
boundary curve abruptly and approached the drying curve asymptotically. 
Poulovassilis' independent domain theory was applied to tension-
saturation curves representing a hypothetical loam soil by Ibrahim and 
Brutsaert (1968). The theory was used to represent the hysteresis effects 
during moisture redistribution after infiltration. Results agreed quali­
tatively with accepted theory. One of the most recent articles concern­
ing solution of the flow equation where hysteresis was considered was 
reported by Hanks et al. (196 9). The mathematical model was used for 
estimating one-dimensional infiltration, redistribution, drainage into a 
water table, and evaporation from the upper surface. Wetting and drying 
scanning curves were assumed to be represented by lines of constant slope. 
The slope was assumed to be a function of the water content at the time 
of departure from a wetting or drying curve. 
Computed moisture profile shapes are altered considerably when 
hysteresis is considered in the solution of the moisture flow equation. 
Staple (1966) and Hanks and Bowers (1962) showed that less redistribution 
of water occurred when hysteresis was considered in computations than 
when either the wetting or drying curve was used to describe the tension 
43 
characteristic. A double wetting front was computed by Ibrahim and 
Brutaaert (1968) when hysteresis was considered which agreed with field 
observations. 
Deep Percolation Studies 
Under natural humid area conditions, deep percolation is a con­
tinuous, slowly fluctuating flow process. Significant quantities of 
water can be transferred through the root zone during and after extended 
periods of wet conditions in the upper soil layer. The highest rate of 
outflow from the root zone occurs after a wetting front completely pene­
trates the root zone. The unsaturated zone between the water table and 
the base of the root zone attenuates the vertical flow rate with depth 
and regulates the aquifer recharge rate. 
Processes related to deep percolation 
A surplus of water must enter the upper soil profile by infiltration 
if deep percolation is to occur. Infiltration is not independent of deep 
percolation since both processes are dependent on the soil-water transfer 
characteristics. Infiltration may be predicted from the solution of the 
vertical flow equation or from empirical techniques. 
Wetting front advancement can influence the amount of water trans­
ferred from the root zone. Kirkham and Feng (1949) found the advancement 
of the wetting front for horizontal infiltration was a function of the 
square root of time. Phillip's theory (1957a) predicted wetted front 
position for vertical infiltration to be represented by the sum of an 
infinite series of the form, 
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X = r (3-34) 
11=1 
where X was the distance traveled by a wetting front after time, t, when a 
constant moisture content^  On, was maintained at one end of a semi-
infinite vertical column of soil initially at a uniform moisture content, 
OQ. Toksoz et al. (1965) used the first two terms of the series to fit 
experimental data to obtain estimates of the coefficients. They found 
that wetting front advancement in Ida silt loam could be approximated 
by the relationship, 
y = 18.6 t^  + 5.5t (3-35) 
m 
where 
y^  = vertical distances from surface, cm., and 
t = time of infiltration, hours. 
The prediction equation was valid only for the case where water was sup­
plied continuously to the surface under zero pressure head. 
Stockinger ^  al. (1965) found that the first two terms of Phillip's 
infinite series solution could be used to approximate the vertical in­
filtration process in three soils. The coefficient of the term (A ft") 
was the same for both horizontal and vertical cases. 
Water will continue to move in the soil after infiltration by the 
process of redistribution. During redistribution, evaporation from the 
surface and transpiration from plants may remove significant quantities 
of water temporarily stored in the soil profile. Work has been done 
recently to mathematically simulate the water removal process by plants. 
Gardner and Ehlig (1963) developed a model to define a relationship between 
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transpiration, soil moisture tension, and soil water content. The rate 
of transpiration was expressed as 
« = 
Where 
Q = rate of uptake from the soil, 
s = water tension in leaves, 
"Y = average soil matrix suction, 
Ip = impedence to water movement in plant, 
b = a constant reflecting the length and geometry of the root 
system, and 
k = unsaturated conductivity of the soil. 
Shallow water tables fluctuate during the winter as a result of 
moisture migration toward the surface. Willis ^  al. (1964) observed 
that water level depression was associated with depth of frost and was 
accompanied by an increase in soil moisture in the frost zone above a 
shallow (5-6 feet) water table. Initial changes in soil moisture were 
due to either vapor or liquid flew (or both) caused by temperature gradi­
ents. Later changes in soil moisture (as the profile thawed) were prob­
ably a result of liquid flow. Evaporation losses were too small to ac­
count for the drop in water table. Thus, it was concluded that low soil 
temperatures associated with freezing conditions caused upward moisture 
movement in the zone above the water table during the winter. 
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Field capacity 
The concept of field capacity is closely related to the re­
distribution process. Field capacity is considered to be the moisture 
content of a soil which has been thoroughly wetted and allowed to drain 
for 2 or 3 days until drainage ceases. This condition is seldom, if ever, 
attained under field conditions. Coleman (1944) found that field capacity 
depended on the depth of wetting of the natural soil profile. Smith and 
Browning (1947) reported that field capacity values varied with the ini­
tial water content of the soils studied. Field measurement of field 
capacity was facilitated by development of the neutron probe. Burrows 
and Kirkham (1958) employed this technique to estimate field capacities 
of four soils in Iowa. The shape of the moisture content versus time 
curves was as expected for two silt loam soils and one sandy loam but a 
clay loam soil showed extreme variability in resulting estimates because 
of slow water movement in the soil. 
Field studies related to deep percolation 
Many papers have been published concerning moisture and tension 
changes in the field during and after water application, (Hilgeman, 1948; 
Cannell and Stolzy, 1962; Richards ^  al., 1956; Ogata and Richards, 1957; 
Wilcox, 1959; Wilcox, 1960; Nielsen et a^ ., 1964; and van Bavel et al., 
1968a). Richards (1956) reported results from an experiment where 
bare soil was deeply irrigated with water containing a known concentra­
tion of chloride. The total water content, W, of surface layers of soil 
thickness from 10-50 cm were found to be functions of time that could 
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be represented by equations of the form W = aT"^ . This form indicated 
that the rate of loss was inversely proportional to time after irriga­
tion. Ogata and Richards (1957) performed a similar experiment but 
covered the plot immediately after irrigation to prevent evaporation. 
Soil moisture records were made over a 50 day period. It was found that 
the water content, Wjj, expressed in surface cm. of water in a surface 
layer of soil of depth, D, in cm. could be closely related to time, T, 
in days following irrigation by 
Wjj = (0.52 + 0.209D + 0.00053D^ ) . (3-37) 
The downward flow rate expressed in cm^ /cm^ /day, was obtained by dif­
ferentiation of the water content equation. Calculated capillary con­
ductivity values based on the data were found to be in agreement with 
values obtained by previous laboratory and field determinations. The 
same form of function relating moisture stored above a given depth was 
obtained by Wilcox (1959). In an extension of his initial study, Wilcox 
(1960) observed moisture loss from pairs of adjoining plots; one of 
which was cropped and the other was covered. Plots were located in four 
different soils. The plots were thoroughly irrigated and moisture samples 
were obtained periodically for at least 20 days. Total use rates of the 
cropped plot were corrected by subtracting the rate of drainage observed 
from the covered plot when at the same moisture content of the cropped 
plot. Satisfactory estimates of consumptive use were obtained after an 
initial period of redistribution after irrigation. When the total moisture 
lost from the cropped plot was used as a measure of consumptive use, the re­
sults were too high which indicated that a correction for deep seepage was 
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necessary to obtain correct moisture use estimates. 
Deep seepage can result in limited areas from non-uniform applica­
tion of water to the soil surface. Non-uniformity of water application 
and its effect on soil moisture content, moisture depletion, and irriga­
tion efficiency was studied by Cohen and Bresler (1967). Irrigation ef­
ficiency remained high as long as the wetted front remained within the 
root zone. 
In some areas where ground water recharge is important, deep seepage 
through the root zone is preferred to use of the water by plants. 
Pillsburya^ . (1963) studied the effect of conversion of a chaparral 
covered watershed to shallow rooted annual grasses. They hypothesized 
that more water would pass through the root zone of the grasses than 
through the root zone of the deeper rooted chaparral. However, this 
hypothesis was not proven experimentally. Non-significance was partially 
explained on the basis of below normal rainfall during the study period. 
Rooting depth was found to influence deep seepage losses by Dteibelbis and 
McGuinness (1958). They showed that percolation loss under deep rooted 
alfalfa (6.7 inches/year) was less than one half that of shallow rooted 
poverty grass (14.1 inches/year). 
Direct measurement of deep percolation is possible with a weighing 
lysimeter. If, in addition, accurate measurement of soil moisture in the 
lysimeter tank is possible, both évapotranspiration and deep percolation 
may be determined. Dreibelbis (1954, 1962, 1963) and Dreibelbis and 
McGuinness (1958) reported results of moisture depletion studies obtained 
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with weighing lysimeters in Ohio. Dreibelbis (1954) found that soil type 
and land use had an effect on percolation loss from 8 ft. monolyth 
lysimeters. A light-textured Muskingum silt loam provided greater oppor­
tunity for rapid moisture movement which, in turn, resulted in greater 
total amounts and more rapid rates of percolation in the Muskingum soil 
than in the heavier Keene soil. The average rainfall for the area was 
37 inches per year. When all the lysimeters were in grass, the average 
annual percolation amounted to 16.0 inches on bAiskingum silt loam (over 
sandstone); 9.85 inches on Muskingum silt loam (over shale); and 8.36 
inches on Keene silt loam. From 83 to 92% of the total annual percola­
tion was found to occur during the first six months of the year. Per­
colation was found to be lowest under corn and wheat and highest under 
first year meadow. 
Lateral flow studies 
Water penetrating the surface of the soil moves through the soil 
under the influence of potential gradients. In many natural cases, water 
does not always move vertically through the soil profile to an established 
water table. If a restricting layer is present below the surface, saturated 
conditions may be approached at the interface and significant lateral 
movement can result. Rather than percolating vertically downward to the 
water table, water may move down the slope below the surface and can re­
appear at the surface as interflow or outcrop in the channel as base flow, 
Hewlett and Hibbert (1963) studied this problem by observing outflow from 
soil placed in a sloping concrete trough on 40% slope. The soil in the 
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trough was wetted thoroughly and covered to prevent evaporation. Outflow 
from the trough, soil moisture tension, and water content of the soil 
were recorded for 145 days after flooding. Results showed that the en­
tire unsaturated soil mass contributed to outflow throughout the experi­
ment. The outflow could be described by the equation, 
Q = a^ T-bi (3-37) 
where T was time in days after drainage commenced and a^  and bi were 
constants. Two linear portions of the log plot of drainage versus time 
were noted; corresponding time ranges were zero to 1.5 days and from 
5 to 85 days. The constants, aj^  and bj^ , were different for each of the 
two portions of the curve. The first period was associated with drain­
age of the large pores of the soil and the second period with unsaturated 
flow from the entire soil mass. Lateral flow requires the existence of 
a restricting layer. McDonald (1967) quantitatively measured lateral flow 
of subsurface water in detention storage from trenched plots in a shallow 
forest soil where lateral flow was known to occur. 
Flew path of vertically percolating water 
Horton and Hawkins (1965) showed experimentally that percolation of 
rainwater through the soil to the water table was accomplished throughout 
most of the flow path by downward displacement of water previously re­
tained by the soil at field capacity. Their results were in contrast to 
the theory of vertical flow through large pores in the soil. Experimental ' 
results showed that pores containing air at field capacity rarely con­
tribute significantly to water flow through the profile. Since capillary 
conductivity can increase significantly with little change in moisture 
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content, significant flow can pass through the profile with only a small 
increase in moisture content. Tracer techniques may allow actual water 
movement to be monitored. Fluorescent dyes were used by Reynolds (1966) 
to trace percolating water. The strongly fluorescing Pyramine was found 
to move with the soil solution and was suitable for such a purpose. 
Prediction of deep percolation 
Estimates of percolation losses are required in water budget studies 
to determine consumptive use of crops. Willardson and Pope (1963) used 
Wilcox's (1959, 1960) data to fit a model designed to separate percolation 
losses from total moisture loss to obtain better estimates of évapotrans­
piration. The rate of drainage out of a slab of soil was assumed to be 
a function of its total water content. The model was designed to predict 
the seepage rate with time out of the soil slab, subtract the seepage 
from total use rate, and calculate évapotranspiration rate, van Bavel 
et al. (1968a) found the method accounted for rapid drainage immediately 
after irrigation but it failed after extended periods of drainage because 
the potential gradient at the base of the root zone was not considered. 
Nielsen et al. (1964) explained water movement through Panoche clay 
loam on the basis of soil-water properties of the soil profile. Labora­
tory determinations of soil water content-tension relations from undis­
turbed cores provided reliable estimates of soil water behavior. Capillary 
conductivity values were estimated from field data. Nielsen recommended 
the field procedure to obtain conductivity estimates stating, on p. 503: 
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Capillary conductivity values may be easily calculated from field 
data, provided frequent water-conteht relation measurements are 
made. Field determinations made in this investigation do not in­
volve small samples or the shortcomings of simplified mathematical 
procedures for calculating K from short lived transient data 
measured in the laboratory. Rather the calculations given are 
based on steady state flow conditions for relatively large areas 
with each soil horizon in its original and undisturbed position. 
Within a two week interval capillary conductivity relations were 
obtained for seven depths including a wide range of soil water 
contents. To obtain as many points with laboratory methods would 
have involved considerably more time with less reliability. 
The principal disadvantage of the field technique was that the conductivity 
was defined for only a narrow range of moisture contents. Conductivity 
values were also restricted to moisture contents corresponding to less 
than 500 cm* suction. 
van Bavel et (1968b) also used field data to estimate conductivity-
moisture relationships. They indicated that the chief problem was not 
related to the method of measurement or interpretation, but to the actual 
variability of the soil materials. For a given water content, an average 
field estimate of conductivity was in doubt by a factor of 5 due to the 
variation of soil properties with location. In a second phase of the 
same study van Bavel et (1968a) estimated moisture flux at various 
depths in the soil profile by comparing soil water depletion rates with 
lysimetrically obtained consumptive use rates for periods of many days 
after an irrigation. Inferred flux estimates thus obtained indicated that 
soil moisture depletion rates were not good estimates of consumptive use 
rates. Poor results were obtained when correction of the depletion rates 
were calculated from hydraulic gradient and conductivity estimates and 
53 
these values then compared with inferred flux estimates. Calculated flux 
values reflected the variability of the conductivity characteristic with 
location-
Rose and Stern (1965) published a technique to calculate, moisture 
flux at the base of the root zone from moisture profile data. They pro­
posed that potential gradient could be estimated from water content measure­
ments and laboratory determinations of tension-moisture relationship of 
the soil. They further suggested that the conductivity-moisture content 
relationship could be derived from moisture profile data obtained from 
flooded plots. A flux estimate could be calculated to represent the 
deep percolation component of the water balance equation. 
Direct measurement of flux at the base of the root zone may be pos­
sible in the future if improvements are forthcoming on an instrument 
developed to measure moisture flux in situ (Gary, 1968). Moisture flux 
measurement was accomplished without prior knowledge of the conductivity 
of a soil. A convergence factor, dependent on the moisture content of 
the soil, is required, however, to estimate flow quantities. The con»-
vergence factor has a dependence on moisture content nearly an order of 
magnitude less than that of the conductivity of the soil. 
The deep percolation process was investigated in the loessial soils 
of eastern Washington and western Idaho by Williams and Allman (1969). 
The response of water table levels was used to qualitatively evaluate the 
seasonal and crop cover effects on the deep percolation process in the 
study area. 
One of the most recent and complete analytical treatments of the deep 
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percolation process was reported by Freeze (1969). The unsaturated flow 
processes of infiltration and evaporation were recognized as being in 
physical and mathematical continuity with saturated processes of recharge 
and discharge of the water table zone. The dynamic water table behavior 
was simulated with a one-dimensional, numerical mathematical model in­
volving transient flow through an integrated saturated-unsaturated system. 
Solutions were obtained for the case of homogeneous, isotropic soils in 
which functional relationships exhibited hysteresis. The model could be 
used to predict water table fluctuations resulting from upper boundary 
conditions of either constant rate rainfall, ponded water, evaporation, 
or redistribution. 
CHAPTER IV. METHOD OF ANALYSIS 
Hie quantity of water percolating to the groundwater aquifer is 
equal to the net moisture flux passing through an imaginary surface below 
the root zone if (1) the net water stored in the unsaturated zone between 
the root zone and the water table remains constant and if (2) the flow of 
water is in the vertical direction only. The first condition is met if 
the time increment considered is relatively long. An equilibrium moisture 
content is established in the unsaturated zone which exhibits only slight 
variation with time. Deep percolation could be roughly estimated by 
measuring the conductivity of soil at a depth where the water content 
remains constant. The moisture flux estimate would be numerically equal 
to the conductivity of the soil at the equilibrium moisture content. How­
ever, associated sampling problems limit the feasibility of this approach. 
As an alternative to this procedure, percolation can be estimated at the 
base of the root zone if the two preceding conditions are satisfied. 
The root zone may be represented as a dynamic moisture reservoir as 
illustrated in Figure 1. If lateral flow and vapor transfer components 
are assumed negligible, the water balance Equation (1-1) may be rearranged 
to solve for deep percolation, 
DP = P - RO - ET -A.W. (4-1) 
Both terms, DP and ET, are difficult to measure in the field. Net water 
loss, represented by the sum of the two terms, is frequently measured in 
water budget studies. The DP term is frequently assumed to be negligible 
which may lead to errors in the calculation of consumptive use (van Bavel 
et al., 1968a). 
56 
transpiration 
evaporation infiltration 
//\\// \ \///' \\y/\\//>\vy 
lateral 
flow 
vapor transfer 
deep percolation 
Figure 1. Dynamic processes affecting moisture content in the root 
zone 
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Theoretically, it is possible to predict vertical moisture movement 
in uniform soils from moisture profile records if accurate conductivity-
tension-moisture content relationships can be defined for the soil in its 
natural state. Darcy's law for unsaturated flow can be used to predict 
vertical moisture flux if the conductivity and potential gradient are 
known at the depth in question. If both wetting and drying occur during 
flow, hysteretic behavior of the soil water-tension relationship must be 
defined by an appropriate set of scanning curves to define soil water 
tension as a function of moisture content. Potential gradient is found 
from the slope of the potential profile at the depth in question. Moisture 
flux at any depth is estimated by the product of the potential gradient 
and the conductivity corresponding to the moisture content of the soil. 
Assume that total water potential has only two components; the gravi­
tational component and the capillary potential component. Let depth, z, 
be positive downward and soil water tension or suction, S, be a positive 
quantity with the same magnitude as capillary potential, 1^ . The total 
water potential,$, may be written as 
For the special case of moisture flow in an isotropic soil where 
moisture content reversals are not encountered, the capillary potential 
profile is directly related to the moisture profile. Since the soil water-
tension relationship is defined for all depthsby one curve, the potential 
gradient, 
or 
<& = yf. z 
$ = -S - z 
(4.2) 
(4-3) 
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= 1 
dz dz 
(4-4) 
is equal to the capillary potential gradient plus the gravitational 
gradient, equal to -1. The tension gradient is related to moisture 
gradient by the soil water-tension relationship. The chain rule of dif­
ferentiation is used to make the conversion, 
If a moisture reversal occurs during the flow process, hysteresis 
effects must be considered. No longer is the soil water-tension relation­
ship the same for each depth. The moisture content at which the reversal 
occurs usually varies with depth. Separate scanning curves must, there­
fore, be defined to represent each depth. Hysteresis may have a profound 
effect on moisture flow problems. Further discussion of the effect of 
hysteresis on moisture flow in soils is included in Appendix B. 
The method proposed to estimate flow below the root zone in a uniform 
soil follows. If simplifying assumptions are made, tension gradients at 
a depth of 5 feet may be estimated from the properties of the boundary 
tension curves defined by a 0 - 1000 - 0 cm. tension sequence on the soil. 
Assume (1) scanning curves are represented by lines of constant water 
content and (2) no abrupt wetting fronts penetrate beyond the 4-foot 
depth. Under these conditions, each depth in the 4-6-foot layer is repre­
sented by the same boundary tension curve. The moisture gradient can be 
multiplied by the slope of the appropriate tension curve to calculate the 
a s  _  a s  
dz do az (4-5) 
is obtained from the slope of the soil water-tension curve 
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capillary potential gradient as in Equation (4-5). If the soil layer is 
drying, the slope of the drying boundary curve is used to make the con­
version and vice versa. The simplified procedure used to convert moisture 
gradients to tension gradients is illustrated in Figure 2. The slope 
of each of the boundary tension curves evaluated at a given moisture con­
tent is illustrated to show the differences between wetting and drying 
characteristics. 
If potential gradients can be estimated from moisture profiles and 
known soil water-tension relationships, it is possible to estimate un­
saturated conductivity of natural soils from moisture profiles of covered 
plots. Assume a plot of a uniform soil is flooded and immediately covered. 
At time, t, the moisture content at any depth, z, may be represented by 
G (z, t). The volume of water stored per horizontal unit area between 
the surface and depth, D, at time, t, may be represented by the integral, 
rD 
>, t) = \ 
Jo 
V (D e (z, t) dz. (4-6) 
*
If vertical flow is assumed, the velocity or flux across the plane at 
depth, D, is 
V (D, t) = V (D, t) = (z, t) dz. (4-7) 
Conductivity is estimated at depth, D, and time, t, by dividing the flux 
by the potential gradient, 
K <D, t) = K (W„ = 
'••sr' '•n'o 
where 
ÈS = moisture gradient at depth, D, and 
dz 
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Figure 2. Method used to represent tension characteristics of soil water 
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(Si) = slope of the appropriate tension water content relation-
ship evaluated at the moisture content at depth, D. 
The preceding concepts were used to evaluate moisture profile data 
to (1) obtain field conductivity estimates and to (2) predict moisture 
flux at the base of the root zone of corn in field soils during the crop 
growing season. 
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CHAPTER V. EXPERIMENTAL METHODS AND PROCEDURES 
Hydrologie studies were initiated on six small watersheds in the deep 
loess soil area of western Iowa in 1963. Consumptive use studies of corn 
have been conducted on four of the watersheds since that date. Water 
balance techniques were used to calculate consumptive use of corn under 
the assumption that deep percolation was negligible. An experimental 
program was conducted to evaluate the deep percolation quantity in the 
study area and to develop a procedure to predict this quantity from 
moisture content records. 
The six experimental watersheds, commonly referred to as the Gingles 
experimental watersheds, are located in a 20-acre tract 1 mile west of 
the Western Iowa Experimental Farm near Castana in Monona County, Iowa, 
Water use, water balance, cultural practice, erosion, and pesticide move­
ment studies are currently being conducted on the watersheds. Precipita­
tion, surface runoff, pan evaporation, water table elevation, wind travel, 
solar radiation and soil moisture records are collected during the growing 
season each year. 
The watersheds are located in the Monona-Ida-Hamburg soil association 
area. This area includes 2900 square miles or 5 percent of the total area 
of the State of Iowa. The topography is characterized by narrow, gently 
sloping ridges and steep side slopes which gradually change to well defined 
alluvial valleys. Deeply entrenched streams and gullies are common in the 
alluvial valleys. Nearly all upland soils are formed from thick deposits 
of loess covering a glacial till plain. Silty materials from the uplands 
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have formed the parent materials of the stream valleys (Oschwald _et al., 
1965). 
Six moisture access tubes are located in each of the watersheds; two 
tubes in each of the three predominate soil types found in each watershed, 
Ida silt loam, Monona silt loam, and Napier silt loam. Neutron probe 
moisture records were taken to a depth of 5 feet in all watersheds except 
in the northeast watershed (NE) where moisture records were determined to 
a depth of 9.0 feet. Records from the NE watershed allowed moisture 
change below the root zone to be detected. Therefore the NE watershed was se­
lected as the pilot watershed for this study. The total area of the water­
shed was 2.2 acres; continuous corn was grown on 2.0 acres and 0.2 acres 
were contained in the border area which was seeded to bromegrass and 
alfalfa. 
Field Experiments 
TVo plots located in the watershed tract were flooded to study verti­
cal water movement in the soils and to provide data for field conductivity 
estimates. A map of the Gingles experimental watersheds in Figure 3 shows 
the relative location of the two plots in the tract. The NE plot was 
located in Ida silt loam and the NW plot in Napier silt loam. These two 
soils represented the extremes in water transfer characteristics, the Ida 
having the highest conductivity at a given percent of saturation and the 
Napier the lowest. Monona silt loam has conductivity values between the 
values of Ida and Napier soils. Sites for the plots were dictated by the 
ne plot 
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Figure 3. Map of experimental watershed tract 
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topography of the area. Nearly level areas were required at each plot 
site to minimize disturbance of the original soil profile. 
The flooding sites were covered with square sheets (40ft. x 40 ft.) 
of 6-mll polyethylene in April 1968 to allow soil moisture to come to 
equilibrium. During the summeç,covers were removed temporarily to pre­
pare plots for flooding tests. During site preparation, it was observed 
that the soils in each plot were quite dry. Winter precipitation in 1967-
1968 had not replenished the depleted moisture reserves carried over from 
the previous growing season. In addition, moisture usage from the NW 
plot during the summer of 1968 was revealed when roots from trees in a 
fence row 40-50 feet from the center of the plot were found in soil core 
samples. To reduce the amount of water for flooding to be transported 
to the sites, covers were removed from the plots in early August to allow 
recharge from natural rainfall. Approximately 4 inches of rainfall was 
received at each plot site before the flooding tests were initiated. 
Natural rainfall wet the dry upper layer in the NE plot and in the NW plot 
but failed to wet the very dry layer at the 2-5-foot depth in the NW plot. 
Plots were circular, 20 feet in diameter, and were located in the 
center of area covered by the polyethylene sheets. Six neutron probe ac­
cess tubes were placed inside the circular plot and another was placed 2 
feet outside the boundary. Split tube core samples, 1^  inches in diameter, 
were taken at each moisture tube location before the tubes were installed. 
A Giddings hydraulic probe mounted on a pickup truck was used for core 
sampling. Care was taken to prevent sample compression during sampling 
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by removing only 2-foot core lengths. Each core was identified and 
stored for later mechanical analysis and bulk density tests. Core samples 
were taken to a depth of 14 feet at one site in the NE plot and three 
sites in the NW plot and were taken to 10 feet at all other sites. 
Galvanized steel pipes, 1% inches nominal diameter, were used for 
neutron probe access tubes. Pipes were forced into the holes from which 
the core samples were obtained. Ten-foot pipes were used in the shallow 
sampling sites and 20-foot pipes were used at the deep tube sites. The 
20-foot pipes were fitted with pointed end caps to allow driving the tubes 
beyond the 14-foot hole left by the core sançling device. The end caps also 
sealed the pipes to prevent water entry since the water table in the NW 
plot was estimated to be less than 20 feet below the surface. Galvanized 
steel pipes provided the required rigidity to drive the long tubes to the 
desired depth. 
The boundary of each of the flooding plots was defined by a 7^ inch-
wide strip of corrugated roofing material driven into the soil approxi­
mately k inches to prevent lateral flow near the surface during flooding. 
Prior to flooding, each plot was roto-tilled to form a uniform surface 
condition and to close off gopher hole burrows found near the surface. 
The upper soil layer had been honeycombed with pocket gopher burrows. 
The burrows were closed off to prevent flooding water from entering the 
voids under a positive pressure. 
After roto-tilling, plots were leveled and covered with burlap strips 
to prevent soil aggregate breakdown during the initial period of flooding 
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and also to provide a secondary evaporation barrier during times when the 
polyethylene cover was removed from the plot to permit moisture sampling. 
Plot preparation is illustrated in Figures 4 and 5. 
Six No. 2600A Soilmoisture mercury manometer gage tensiometers were 
placed near the center of each plot between two neutron probe access tubes. 
Depths of 6, 12, 18, 24, 36 and 48 inches were monitored for soil moisture 
tension during and after flooding. 
Water was transported to the sites with two portable tanks; a 1,000-
gallon tank mounted on a l^ ton truck and a 675-gallon tank mounted on a 
tandem-axle trailer. Water was applied to the plot through a circular 
ring of perforated, l^ inch plastic pipe. Water tanks were parked upslope 
from the plots to provide sufficient head to operate an oscillating disc 
water meter placed in the discharge pipe to measure actual water applica­
tion. Tanks were weighed before and after filling to provide a second 
estimate of the water applied. The arrangement of moisture access tubes, 
tensiometers and dimensions of each flooding plot is illustrated in Figure 6. 
The NE plot had an average initial volumetric moisture content of 
24,5 percent in the upper 5 feet. This was near field capacity for Ida 
silt loam (Burrows and Kirkham, 1958). Since the initial moisture content 
was relatively high, the NE plot was flooded using only the 1,000-gallon 
tank. The NW plot was moist in the upper 2 feet but very dry (12-14 percent 
by volume) in the 2-5-foot zone. Both tanks were used to provide water to 
flood the NW plot. 
Soil moisture tension measurements were taken before, during and after 
flooding (see Figure 7). Tensiometer readings were used to detect the 
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Figure 4. Leveling NE plot after rototilling 
Figure 5. Placing burlap strips on plot prior to flooding 
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position of the wetting front during flooding and to study the tension 
gradients during redistribution. Figure 8 shows an overall view of the 
NW plot during flooding. 
Neutron probe moisture measurements were made before each plot was 
flooded and resumed immediately after surface water disappeared from the 
plot surface. Moisture readings in tubes followed a preset schedule. 
Readings from tube 1 were used to detect lateral moisture movement. 
Moisture content determinations were made at all tube locations inter­
mittently during the day of flooding. Time intervals between readings 
were successively lengthened to allow for decreasing moisture movement 
rates with time. 
A model 1257 Troxler depth moisture gage and a model 1601 Troxler 
portable scaler were used to monitor soil moisture by neutron scattering. 
The probe used a 100 mc. Am-Be source of fast neutrons. It was 1.5 inches 
in diameter and could pass through 1%-inch galvanized steel (1.61 inches 
I.D.) access tubes. The thermal neutron detector was a gas ionization 
tube filled with enriched BFg gas. The slope of the calibration curve 
in the moisture range of 0-35 percent by volume was specified as 800 
counts/min./l percent water by volume. The standard deviation of measure­
ment was specified as 0.25 percent at a 10 percent water content. 
Several l-minute shield counts were taken before moisture measure­
ments in a series of tubes were started. A l-minute shield count was 
taken after measurements were completed at each successive tube site. The 
calibration curve recommended by the manufacturer was found to be applicable 
for the soils in the study area. To field calibrate the instrument, 
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Figure 7. Tension measurements during flooding of NW plot 
Figure 8. View of NW plot during flooding 
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volumetric core samples were obtained within a 1-foot radius of one tube 
site in each plot after neutron count data had been obtained. The moisture 
content of the cores was determined and compared with the probe prediction. 
The comparisons are shown in Figure 9. Results indicate that the standard 
calibration curve was applicable for the limited moisture range sampled 
and that measurements in the upper soil layer appear to be as accurate 
as measurements taken at greater depths. 
The HE plot was flooded 25 September, 1968, and the NW plot was 
flooded 1 October, 1968. A violent rain and windstorm occurred in the 
area October 15, 1968. Unfortunately, the wind blew the polyethylene 
cover off a portion at the NW plot and, as a result, allowed unknown 
amounts of rainfall and runoff to enter the exposed plot area. Nonuniform 
moisture conditions in the surface invalidated the assumption of vertical 
flow. For this reason, moisture monitoring was discontinued at the NH 
site after the storm. Moisture records obtained at the NE plot site also 
indicated some leakage of water through small holes in the polyethylene 
cover. Moisture measurements were continued at the NE site after the 
storm but the resulting data were not used for field conductivity esti­
mates . 
As an emergency measure to obtain more field data after the heavy 
rainfall (4.40 inches), moisture measurements were initiated at all moisture 
sampling sites in the NE watershed. Low évapotranspiration rates were 
expected at that time since the corn on the watersheds had matured and the 
mean daily temperatures were low. Moisture determinations were continued 
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in the watersheds until Nov. 29 to study the movement of soil moisture 
in each soil after the heavy rainfall period. 
Laboratory Study 
Physical properties of soils 
Physical property tests were conducted on soil cores obtained at the 
two field plot sites. Mechanical analyses of the soils were performed 
using the hydrometer method (Day, 1965). Particle size distribution was 
determined at five depths, 1, 3, 5, 7 and 9 feet, in each of the soil 
types, Ida and Napier silt loams. Bulk density of hydraulic probe core 
samples were obtained before particle size analyses were performed. Volumes 
of soil core samples were obtained using a mercury immersion technique 
(see Figure 10). The dry weight of each core was calculated by correcting 
for its initial moisture content. Particle density tests were conducted 
on core samples taken from the 5-foot depth in both plots. Particle 
density was measured as 2.69 gm/cm^  for each of the two soils. 
Soil property tests were conducted to determine the variability of 
physical properties with depth in the plot soils and the variability be­
tween soil types found within the study watershed. The method used to 
predict potential gradient was based on an assumption of uniform soil 
conditions. Verification of this assumption was necessary to allow poten­
tial gradients to be predicted from moisture profiles. 
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Figure 10. Mercury immersion apparatus used to determine soil core 
volume 
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Figure 11. View showing Tempe cells used in tests 
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Tempe cell teats 
The interrelationships between tension, conductivity and water con­
tent were defined for undisturbed core samples taken from soil pits. Two 
test series were conducted. The first was designed to study the varia­
tion of soil-water characteristics with depth in the Ida soil, while the 
second was designed to determine the difference in the soil-water charac­
teristics between samples taken at 5-feet in Napier, Monona and Ida soils. 
Tempe cells with a tension range of 0-1 bar were used to determine 
tension-moisture and conductivity-moisture characteristics of the undis­
turbed core samples. Ten No. 1450 Tempe pressure cells manufactured by 
Soilmoisture Equipment Corporation, Santa Barbara, California were used 
for the tests (see Figure 11). Each cell was equipped with a ceramic 
porous plate with a bubbling pressure exceeding 1 atmosphere. 
Large core samples (3 in. dia. x 3 in. length) were taken with a 
Uhland type drive sampler. The sampler and the aluminum sample liner 
were driven into the soil with a hand driver. Soil samples were taken 
with care to prevent compaction and destruction of the original structure. 
Field samples were wrapped in plastic bags to prevent moisture loss. Since 
the Tempe cells were designed for a 3.5-inch O.D. sample liner^  plexiglass 
liners (3.5 in. O.D.) were required to fit over the 3.25 in. O.D. aluminum liners 
to provide a seal with the 0-rings and to prevent air leakage from the cell. 
Series I Samples for this test were obtained in Ida silt loam 
from a soil pit adjacent to the NE field plot. They were obtained at 
1-foot depth increments from 1 to 5 feet. Samples were dry and tended to 
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crumble during trimming of the ends. The difficulty was resolved by initially 
quick freezing the samples, then allowing them to thaw slightly at the 
ends of the sample before trimming. The sample could then be trimmed 
with little soil fracture. Ten drops of formaldehyde solution (37% 
by vol.) were placed on each core to retard bacterial growth before 
samples were placed in the cells. 
In this test series, all soil samples were initially vacuum saturated. 
Water supply leads were closed off below the porous plates while air was 
removed from the pressure tap at the top of each cell under a 25-inch Hg. 
vacuum for a period of 1 hour. After this period, water was allowed to 
enter the soil from below until the samples were saturated. 
During tension tests, Tempe cells were weighed to the nearest gram 
on a two-pan balance after soil samples had reached equilibrium at a 
given pressure level. Pressure was incrementally applied to all cells 
simultaneously to define the desaturation-tension curve. Cells were al­
lowed 36 to 48 hours to come to equilibrium at each pressure setting before 
another pressure level was applied. Pressure was increased in increments 
to a maximum of 1 bar or 1022 cm. of water to define the drying or de-
sorption curve and subsequently decreased to zero tension to define the 
sorption or wetting tension curve of each sample. A second drying curve 
originating from the zero tension level was then determined. The tempera­
ture was regulated to within l3°F from a mean of 73°F during the tests. 
Diffusivity and conductivity relationships were obtained by the one-
step outflow method proposed by Doering (1965). Samples were allowed to 
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aquilibr'itu at the zero tension moisture level before the test. A pressure 
of 1 atmosphere was instantaneously applied to each cell individually and 
outflow was recorded as a function of time. Outflow was recorded by 
monitoring with time the weight of a flask receiving the flow from the cell. 
A load ring transducer was used to weigh the receiving flask and plat­
form. The ring, designed for a loading range of 0-3000 grams, was con­
structed from 2024-T4 aluminum and was 3.75 inches in diameter, 0,5 inches 
wide, and 0.04 inches thick. Four 8R-4 strain gages were mounted at di­
ametral opposite positions perpendicular to the support points of the ring. 
A type RS Beckman two-channel recorder was used to amplify and record the 
transducer signal. A calibration test was made for the transducer. 
Weights could be measured within + 1 gram with the equipment. 
To prevent evaporation during the test,water from the outflow tube 
leading from the cell was dropped into a small funnel placed over the 
mouth of the receiving flask. The funnel surface was wax coated to prevent 
drops from remaining on the funnel mouth. Capillary attraction held some 
water in the lower portion of the stem and thus prevented the water surface 
in the flask from exposure to the atmosphere. A thin film of oil was 
placed on the water surface in the flask to further retard evaporation. 
But evaporation did occur from slowly forming droplets at the end of the 
outflow tube. A linear correction with time was applied to measured cell 
weights to compensate for the difference in measured outflow and the change 
in cell weight during the outflow period. Outflow was measured electronical­
ly for approximately 6 hours. After that time, cells were weighed directly 
until an equilibrium was reached. The load ring apparatus is shown in 
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Figure 12. 
At the conclusion of the tests, final cell weights were recorded 
and soil cores were removed from the cells. The moisture content of each 
core was determined to allow cell weights to be converted to equivalent 
moisture contents. 
Series II The purpose of the second test series was to evaluate 
the soil water-tension-conductivity relationships for the subsoil of the 
three predominant soil types found in the NE watershed. Some procedural 
changes were made from the first test series. Samples were not vacuum 
saturated in this test series to prevent natural structure breakdown. 
Two primary scanning curves were described in addition to the boundary 
drying and wetting curves. 
The method of measuring outflow was also altered. Instead of measur­
ing the outflow from the cells independently, outflow tests were run on 
all 10 cells simultaneously by collecting the outflow in 50-ml. burettes. 
Burette readings were recorded periodically to describe the outflow as a 
function of time. In this test, samples were allowed to equilibrate at 
the 100 cm. tension level on the drying curve where the test was initiated. 
The outflow test was conducted twice to determine the repeatability of the 
procedure. The outflow measuring apparatus used in this test series is 
shown in Figure 13. 
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Figure 12. Load ring transducer and associated outflow test equipment 
Figure 13. Measuring outflow with burettes 
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CHAPTER VI. PRELIMINARY RESULTS AND DATA ANALYSIS 
Physical Properties of Loessial Soils 
Mechanical analyses of soil cores taken from the flooding plots 
showed little variation of the textural composition with depth for either 
the Ida or Napier soil. The textural composition profiles for Ida silt 
loam and Napier siltj loam are shown in Figures 14a and 14b. Plotted points 
I 
represent the mean of two determinations at each depth. The profiles show 
that clay content decreased slightly with depth in the Ida silt loam while 
the sand fraction remained almost constant. The only noticeable textural 
change found in the Napier profile was a layer of relatively high silt and 
low clay content near the 3-foot depth. Both soils contain high silt 
fractions characteristic of all loessial soils. In general, the Napier 
had a higher clay content than the Ida while the sand fractions were 
approximately equal in the two soils. No clay accumulation was detected 
below the A horizon of either soil. Napier soils are located along drain-
ageways and were expected to demonstrate more variability with depth than 
the Ida soils because of past geologic erosion and deposition. Particle 
size distribution curves for the 5-foot depth in each soil are given in 
Figure 15 for the Ida soil and in Figure 16 for the Napier soil. 
Bulk densities of 1^  inch hydraulic probe core samples were deter­
mined using a mercury immersion technique to measure core volumes. The 
variation of bulk density with depth for Ida silt loam samples is illus­
trated in Figure 17a and for Napier silt loam samples in Figure 17b. 
The curve connects the means of all determinations at each depth. Bulk 
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density was relatively high at the surface but dropped to a minimum at 3 
feet in both soils. A marked increase in density with depth was found 
below the 3-foot depth in the Napier soil but only a slight increase was 
indicated in the Ida soil. The high silt layer at 3 feet in the Napier 
soil had a much lower bulk density than the surrounding soil layers. The 
bulk density at 9 feet was significantly higher for the Napier than for 
the Ida. An abrupt increase in bulk density in the Napier soil was in­
dicated between the 7- and 9-foot depths. 
Bulk density values found using l^ inch diameter core samples were 
consistently higher than values determined from larger core samples. Some 
lateral compression may have been caused by the cutting edge of the probe 
tube. Although the absolute value of bulk density as determined from the 
small diameter core samples may have been high, the relative change in 
bulk density with depth could be determined from the data. Appendix C 
lists all bulk density information collected on samples from the study 
area including the method used and the sampling location. Mechanical 
analysis results are also listed in Appendix G. 
The purpose of the soil investigation program was to study the vari­
ability of soil properties with depth and to determine whether layers 
affecting vertical moisture distribution were present in either soil. With 
the exception of the high silt layer in the Napier soil at the 3-foot 
depth, both soils were exceptionally uniform in textural composition 
throughout the profile. Of prime interest was the region between 3 and 7 
feet. This was the layer through which moisture flux was to be monitored. 
It was concluded from the tests that samples taken from the 5-foot depth in 
each soil were representative of the soil layer from 4-6-feet in the re­
spective soil types. 
Flooding Experiments 
The NE plot was flooded with 4.78 inches of water and the NW plot 
with 8.00 inches. Respective infiltration times were 135 minutes and 375 
minutes. Some problems resulted from water application by flooding rather 
than by sprinkling. Table 1 lists measured infiltration at each tube 
site from neutron probe readings taken prior to and following flooding. 
The times and depths above which maximum storage volumes were observed 
are given. Values for tube 1 sites are not included since they were 
located outside plot boundaries. In general, water stored above a given 
depth increased for a period of nearly 24 hours after flooding. This sug­
gested that (1) infiltration values immediately around the tube sites 
were lower than areas between the tubes and/or (2) moisture content measure­
ments from the neutron probe were lower than true values in the high 
moisture content range. If neutron probe readings were assumed accurate, 
more water must have infiltrated in intermediate areas not sampled by ac­
cess tubes. The increase in water volume stored around the tube sites 
could have resulted from lateral flow toward the sampling sites. Probe 
readings, however, may not have been accurate since the recommended moisture 
range for the probe used was 0 to 35 percent. Immediately after flooding, 
actual moisture contents in the wetted layer were higher than 35 percent. 
Predictions of moisture content made using a linear extrapolation of the 
calibration curve above 35 percent moisture content would have resulted in 
low water content estimates. After a period of redistribution, moisture 
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Table 1. Measured water application obtained from neutron probe readings 
Average 
Average Tube Max. vol. in profile measured 
Plot application no. Depth Time Vol. application 
(in.) (ft.) (min.) (in.) (in. ) 
NE 4.78 2 6 507 2.98 3.30 
3 7 1,508 3.05 
4 7 1,574 4.24 
5 7 1,589 2.99 
6 8 1,608 3.38 
7 6 521 3.52 
NW 8.00 2 7 324 5.33 5.61 
3 6 1,505 3.46 
4 5 470 5.43 
5 8 388 6.90 
6 5 484 6.79 
7 5 311 5.72 
content of the upper layer was reduced to levels within the recommended 
range of the probe. Calculated water storage volumes Increased as a re­
sult of more accurate moisture content determinations after drainage of 
the upper soil layer. 
Values in Table 1 show that the average depth of water application 
was higher than that measured at all tube sites even after water contents 
were reduced to the recommended moisture range of the probe. Average in­
filtration was apparently lower immediately around the access tubes than 
in intermediate areas between tubes. During flooding of the NE plot, 
wetted surface soil caved into an underlying gopher burrow and permitted 
an unknown amount of water to enter the large void under positive pressure. 
High infiltration was indicated from moisture profiles at tube 4 since it 
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was near the hole. Moisture profiles also indicated a much deeper zone 
of wetting at tube 4 than at any other location. No evidence of short-
circuiting was noted in the Nff plot but nonuniformity of water measured 
at tube sites suggested that higher infiltration also occurred in inter­
mediate areas between the tubes. Soil compaction around the tube sites 
resulting from core sampling, tube placement or plot preparation activi­
ties may have caused decreased infiltration rates. 
Soil water tension-time relationships 
Graphical results of tensiometer measurements taken in each of the 
plots are given in Figures 18, 19, 20 and 21. During infiltration, large 
tension gradients were measured near the wetting front. Even though . 
tensiometers were placed at 6-inch increments in the upper 2 feet of soil, 
accurate definition of the wetting front was not possible. The 48-inch 
tensiometer did not perform well in either test. Therefore, results were 
plotted only to the 36-inch depth. 
Tension profiles representing the initial moisture condition are 
plotted in Figures 18 and 20. • The initial tension profile in the NE plot 
was quite uniform as indicated in Figure 18. In contrast, a relatively 
high initial tension was measured at the 36-inch depth in the NW plot as 
shown in Figure 20. 
Redistribution of infiltrated water began immediately after free 
water disappeared from the surface. The wetting front continued to move 
downward after flooding was completed, but at a much slower rate. Tensions 
throughout the upper 3 feet of soil became relatively constant after the 
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minimum tension was reached at the 36-inch depth. During drainage, tension 
increased with time at all depths while the tension gradient remained es­
sentially unchanged. A slightly negative tension gradient (decreasing 
with depth) approximately equal to-0.5 was measured in the NE plot during 
drainage. The tension gradient in the NW plot varied with depth and time; 
it remained negative in the upper 18 inches but increased to approximately 
+1 in the 18-36-inch layer after 1,440 minutes. Water drained from all 
depths simultaneously during the redistribution process. 
Moisture content-time relationships 
Neutron probe moisture measurements were obtained at each tube site 
after flooding to allow observation of the percolation process and esti­
mation of flux quantities. Moisture measurements were subject to errors 
due to the random process of neutron flux production as well as timing and 
probe placement errors. To represent each moisture profile as a smooth, 
continuous function of depth, a spline function technique Introduced by 
Reinch (1967) was used. Data points were smoothed with a series of cubic 
parabolas connected at abscissa values of interior data points. In ad­
dition to matching functional values, first and second derivatives were 
matched at the interior points. The average standard deviation between 
the raw data and the smoothed values could be specified before smoothing 
of the data. Details of the theoretical basis and the method of applica­
tion of the spline function technique are discussed in Appendix A. 
The standard deviation of an Individual neutron probe reading was 
approximated from analysis of moisture determinations taken at different 
times in a soil where no moisture content change was expected. Moisture 
determinations obtained at NW tube 7 for each 0.5-foot depth increment 
in the 10 to 15.5-foot layer were analyzed to determine the variance of a 
single moisture determination. Little or no change in moisture content 
was expected in the layer since a constant water tension was maintained by 
the water table approximately 20 feet below the surface. The wetting front 
never penetrated beyond 10 feet during the period of measurement. Each of 
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12 depths in the 10 to 15.5 foot layer was considered a treatment and each 
of the five moisture determinations taken at that depth was considered a 
replication of that treatment in a completely randomized design. The 
calculated within depth standard error was 0.482 percent moisture content 
when a constant shield count was used to evaluate count ratios and 0.502 
percent moisture content when shield counts observed at the time of each 
reading were used. Observed shield counts ranged from 57,000 to 61,000 
counts per minute during the moisture testing program. Local effects of 
hydrogenous material or temperature effects were possible factors causing 
shield count variations. Calculated results suggested that use of in­
dividual shield counts slightly increased rather than decreased variability 
of moisture content determinations. 
A second method was also used to estimate the standard deviation of 
a single moisture determination. The standard deviation was calculated 
indirectly from the standard deviation of two probe counts taken suc­
cessively at the same, depth. The within-depth-standard-error was 
measured as 220 counts per minute based on 63 degrees of freedom. The 
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standard deviation of a single moisture determination was calculated from 
the calibration equation. The calibration relationship as determined was 
G = 68.5 ^  - 4.8 
where 
© = moisture content, percent by volume 
C = count rate in soil 
S = count rate in shield. 
The standard error of estimate of 6, based on a shield count of 58,622 
cpm., was 
a (©) = 68.3 [—^ 3 = 0.25%. 
This estimate was lower than the previous estimate because it did not in­
clude variation caused by sampling at different times, variation associated 
with probe placement in the tube, nor the variation caused by a varying 
shield count. The final estimate used for the standard deviation of the 
moisture readings was 0.5% as determined by the first technique. This 
value was used to smooth all moisture profiles with the spline function 
technique. 
NE plot observations Figures 22-28 illustrate moisture profiles 
taken prior to and following flooding of the NE plot. To provide clearer 
illustrations, some of the measured profiles were omitted. The initial 
moisture profile before flooding is shown as a dashed line in each figure. 
Profiles are letter coded to correspond to entries in the table Included 
in the figure. The table lists the time in minutes after flooding was 
initiated and the volume of water stored above the 3- and 5-foot depths 
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at that time. Straight line segments join smoothed moisture content 
values determined at 0.5 foot depth increments to provide clearer illus­
tration of moisture movement patterns. 
The wetting front reached the 5-foot depth in the Ida soil at all 
plot sites within 24 hours after the initial water application. The maxi­
mum increase in moisture content at the 5-foot depth was observed at tube 6 
where a 6.4 percent increase was measured. The maximum measured moisture 
content at the 5-foot level was 32.5 percent at tube 4. The moisture 
range at 5 feet varied with the amount of water infiltrated at the par­
ticular tube location and the initial moisture level at that location. 
When infiltration ceased, the wetting front was between 2- and 3-foot 
depths at all locations except at tube 4 where short circuiting water 
apparently affected vertical flow patterns. The general pattern of the 
change of the moisture gradient during water drainage past the 5-foot 
depth can be observed from the figures. As the wetting front approached 
a given depth,moisture gradients decreased with increasing depth to 
a large negative value. As soon as the moisture content began to increase, 
the gradient increased and approached zero when the maximum moisture 
content of the soil at that depth was reached.. When the soil began to 
dry, the moisture gradient, in general, became slightly positive. In a 
uniform soil with no hysteresis, this sequence of moisture gradient 
change would theoretically take place at each depth in the profile. 
Measured soil profiles in the NE plot indicated nonuniformity of soil 
conditions near the surface. Moisture gradients were negative in the upper 
18-inch layer during drainage at each tube site. The moisture retention 
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of the soil was apparently higher at the surface than at a depth of 18 
inches. Higher moisture retention properties possibly resulted from the 
roto-tilling and smoothing operations on the surface soil which created 
higher densities and a smaller average pore size. From this data, it is 
apparent that moisture gradients can not be used to indicate tension 
gradients in nonuniform soils. 
After an initial 24-hour drainage period, the wetting front advanced 
nearly a constant distance for each doubling of the time after flooding. 
Moisture profiles show that the ranges between the initial and maximum 
moisture content remained fairly constant at all depths below 3 feet. 
The upper portion of moisture profiles measured after times greater 
than 30,000 minutes are not included in the figures. Leakage through 
the plot cover increased soil moisture levels in the upper 3 feet. Since 
moisture content below 3 feet was unaffected, these profiles were included 
to show the position of the wetting front and further moisture redistribu­
tion in the deeper soil layers. 
The moisture measurements at tube 1 (Figure 22) showed the effect of 
lateral moisture movement under the plot boundary. Small water content 
increases (1-3 percent) were sensed in the upper 6 feet 1 day after flood­
ing. The depth of the wetted front in the plot was approximately at the 6-foot 
depth. After nearly 2 weeks, increases were evident from 3 to 9 feet. 
This depth range corresponded to the high moisture content region near the 
adjacent tube 2 inside the plot. Part of the increase detected at tube 1 
was caused by the influence of the high water content in the adjacent 
plot on neutron probe readings. Some lateral flow likely occurred but not 
as much as the readings from tube 1 would suggest. Lateral flow was shown 
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Figure 29. Moisture content profiles during redistribution at NW tube 1 
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Figure 30, Moisture content profiles during redistribution at NW tube 2 
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Figure 32. Moisture content profiles during redistribution at NW tube 4 
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Figure 33. Moisture content profiles during redistribution at NW tube 5 
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Figure 35. Moisture content profiles during redistribution at NW tube 7 
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to increase with depth below the plot boundary but net flow was assumed 
negligible between the surface and the 5-foot depth. 
NW plot observations Moisture profiles measured at the NW plot 
moisture access tube sites are shown in Figures 29-35. Initial moisture 
profiles show that a very dry layer was present at each tube site except 
tube 5. Either higher infiltration during the August-September recharge 
period or lower moisture usage by trees adjacent to the area was suspected 
as the reason for the wetter condition at tube 5. 
The restricting effect of a dry layer on wetting front movement was 
demonstrated by the profiles obtained in the NW plot. After the com­
pletion of flooding, the wetting front had not penetrated beyond the dry 
layer where it was present, but had reached beyond the 7-foot depth at 
tube 5 where the dry layer was not present. Wetting front advancement 
was restricted by the dry layer until the conductivity of the layer in­
creased sufficiently by wetting to allow significant flow to pass through 
it. 
Unfortunately, the storm on Oct. 15, 1968, partially removed the 
cover from the plot before the wetting front could be monitored as it 
moved below the dry zone. Only 1 week's record was obtained after the 
flooding. Little percolation was observed beyond the 5-foot depth during 
the monitoring period except at tube 5. Examination of the profiles taken 
at tube 5 (Figure 33) revealed (1) the moisture gradients in the 2-3-foot 
and the 5-7-foot layers were negative at times during drainage, and (2) 
the drainage profiles approached the initial profile shape. The negative 
moisture gradient during drainage would suggest increasing conductivity 
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and/or lower moisture retention with depth in these regions. Mechanical 
analyses showed that a high silt, low bulk density layer was present at 
the 3-foot depth. Conductivity and tension characteristics would be ex­
pected to qualitatively affect the moisture profiles as observed. Since 
the drainage profiles approached the shape and position of the initial 
profile at tube 5, it appeared that the site had been wetted thoroughly at 
some time prior to flooding and had drained to its initial condition. 
Figures 29, 30 and 35 show moisture profiles measured at long (20 
foot) tube sites. Only the upper 13 feet of the profiles were plotted. 
The increase in moisture content with depth was due to decreased tension 
with depth in the soil water which in turn was affected by the water table 
at approximately 20 feet below the surface. 
Little lateral flow was detected at tube 1 after flooding (Figure 29). 
Water application was nonuniform but no evidence of short circuiting was 
found as in the NE plot. The discrepancy between the application deter­
mined by neutron moisture content determinations and the actual applica­
tion was attributed to a high proportion of water being infiltrated in re­
gions not represented by access tubes and poor accuracy of neutron probe 
determinations in the high moisture range. 
Soil Water Characteristics of Loessial Soils 
Results of the laboratory tests to determine tension-water content 
and conductivity-water content relationships are given in this section. 
Ten soil cores were tested in each series. The number of replications of 
samples tested for a given soil type at each depth is listed in Table 2. 
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Table 2. Samples tested in series 1 and series II tests 
Test series Soil type Depth No. replications 
(in. ) 
Series I Ida silt loam 12 2 
24 1 
36 3 
48 1 
60 2 
Series II Napier silt loam 60 3 
60 3 
Monona silt loam 60 4 
Ida silt loam 
Series I 
Tension-water content relationships were determined for Ida silt 
loam samples taken at various depths from a soil pit adjacent to the NE 
flooding plot. The relationships for an initial drying cycle from vacuum 
saturation to 1 atmosphere tension, a wetting cycle from 1 atm. tension 
to zero tension, and a drying cycle for zero tension to 1 atm. tension for 
each depth are presented in Figures 36-40. Points on the curves repre­
sent for each tension level the mean of the equilibrium moisture contents 
of all replications representing that depth and soil type. The estimated 
standard deviation of the moisture content specified at a given tension 
was 0.77 percent, 1.38 percent and 0.93 percent at the respective depths 
of 12, 36, and 60 inches. Average points were used to draw the curve with 
one exception; the averages of the moisture contents representing the 
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Figure 36. Tension-moisture content relationships for Ida silt loam -
12 in. depth 
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Figure 37. Tension-moisture content relationships for Ida silt loam -
24 in. depth. 
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Figure 38. Tension-moisture content relationships for Ida silt loam -
36 in. depth 
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Figure 39. Tension-moisture content relationships for Ida silt loam -
48 in. depth 
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Figure 40. Tension-moisture content relationships for Ida silt loam -
60 in. depth 
wetting curve for the 36-inch depth were low because one sample failed to 
wet properly after the tension was decreased from 1 atm. In this case, 
the average of the other two replications was used to draw the curve. 
Samples representing the 12-inch depth exhibited higher moisture 
contents at tensions above 200 cm. than either the 24- or 36-inch samples. 
The one-third atmosphere percentage was nearly 6 percent greater for the 
12-inch depth than for the 24- and 36-inùh depths. Hystaretic effects, indi 
cated by the difference in moisture content at the same tension level, were 
more pronounced for the 12-inch sample than 24» or 36-inch depth samples.. 
Little difference was exhibited in tension characteristics between the 24-
and 36-inch samples. In the same respect, tension characteristics were 
similar between the 48- and 60-inch samples. A comparison of the curves 
reveals a higher moisture retention of a given tension for the 60-inch 
samples as compared with the 36-inch samples. 
Observed differences in moisture retention characteristics of samples 
from different depths could not be fully explained on the basis of the 
variation of physical properties with depth. The bulk density of the 
Tempe cell cores of the 12-inch depth varied little from those at greater 
depths, yet a higher moisture retention was exhibited. The fact that 
bulk density at the 12 inch depth was no higher than at lower depths was 
in contrast to the results of the small probe core density determinations. 
Little variation of particle size distribution and bulk density was found 
in the profile of the Ida soil. Variation of pore arrangement and 
structural properties with depth must have influenced the moisture reten­
tion properties of samples taken at different depths. 
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Results of the one-step outflow test for the Series I samples are 
graphically shown in Figure 41. The means of three replicates for the 36-
and 60-inch depths are shown. Conductivity results for the 36- and 60-
inch depths were similar. Conductivity values of the 24-inch sample was 
higher, and that of the 48-inch sample lower than those measured at the 
36- and 60-inch depths. In a later section of this report, evidence will 
be presented to show that the conductivity values in the higher moisture 
range ( >30 percent) were apparently low. Results from the outflow test, 
however, were considered reliable in the low moisture range. Conductivity 
values varied as much as four times between replicates taken from the same 
depth. 
Series II 
The series II samples were obtained from soil pits around the periphery 
of the NE watershed located in each of the three predominate soil types. 
Soil cores were obtained at the 60-inch depth to determine the variation 
of the moisture transfer characteristics of the parent materials of the 
three soils. 
Cores were allowed to saturate with a free water source maintained at 
their base. A drying curve was defined from the zero tension level to 
the 1000 cm. tension head level. A wetting curve originating from the 
1000 cm. tension level was determined to complete the boundary loop. A 
primary hysteresis loop was defined within the boundary loop to determine 
the shape of primary scanning curves. 
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Figure 41. Conductivity-moisture content relationships of samples 
taken from four depths in Ida silt loam 
Results of tension tests are given in Figures 42, 43, and 44. The 
mean equilibrium moisture content for all replications at each tension 
level is plotted. Comparisons between soil types show that (1) Ida and 
Monona soils have similar moisture retention characteristics at tension 
levels above 300 cm., but the Monona retains more water at lower tensions, 
and (2) the Napier soil retains more water at high tension levels and less 
at low tension levels than either of the other two soils. 
A primary hysteresis loop was defined which originated at the, 333-cm. 
tension level on the drying boundary curve. Tension was reduced to 150 cm. 
to define the wetting scanning curve. A drying curve was then defined 
by increasing the tension to the original 333-cm. value. The scanning 
curves for each soil had the same general shape. They left the boundary 
curve abruptly but changed slope to approach the opposite boundary curve 
asymptotically. As a first approximation, the scanning curves could be 
represented by straight lines. 
Results of tension tests conducted by Nielsen (1958) are included in 
Figures 42 and 43. The data plotted are from desaturation tests obtained 
on undisturbed Ida and Monona soil cores. Nielsen's data compare closely 
with results of this test for the Ida soil, but he reported a lower moisture 
retention for the Monona soil. His data showed little difference between 
the tension characteristics of Ida and Monona soils; whereas in this study 
the Monona samples showed significantly higher moisture retention at 
tension levels less than 200 cm. 
The outflow tests were conducted on each cell to determine whether 
the outflow process from the same sample could be duplicated between suc­
cessive trials. Results indicated that the method was consistent from 
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Figure 42. Tension-moisture content relationships for Ida silt loam -
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Figure 43. Tension-moisture content relationships for Monona silt loam -
60 in. depth, Series II tests 
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Figure 44. Tension-moisture content relationships for Napier silt loam -
60 in. depth, Series II tests 
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one trial to the next. An average conductivity curve was obtained for 
each soil by averaging over all replications and tests. Samples of the 
Ida soil exhibited the most variability in conductivity determinations in 
the low moisture range. The range between maximum and minimum conductivi­
ties measured at 25 percent moisture content varied by a factor of 3.5, 
1.8 and 2.1 for Ida, Monona and Napier soils, respectively. Figure 45 
compares the average curves developed for the soils. 
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CHAPTER VII. FIELD CONDUCTIVITY ESTIMATES 
Moisture profiles obtained from plot flooding tests were analyzed to 
estimate conductivity relationships of the soil ^  situ. Conductivity 
estimates were made at the 36- and 60-inch depths in Ida silt loam and at 
the 36-inch depth in Napier silt loam. These estimates were calculated 
from predicted potential gradient and moisture flux values at the stated 
depths from measured moisture profiles. 
Tension Gradient Estimates 
Two methods were used to estimate tension gradients from moisture 
content determinations: 
1. Soil water tension was predicted at 0.5-foot increments through­
out the 2.0 to 6.0-foot depth range from tension-moisture content rela­
tionships developed from laboratory tests on soil cores. The tension 
gradient was estimated by the slope of the tension profile thus defined. 
2. Moisture gradients were converted to tension gradients directly 
using the slope of the appropriate boundary tension curve as explained in 
Chapter 4. 
Hanks ^  al. (1969) suggested the use of linear scanning curves 
to approximate the hysteretic nature of the soil-water tension relationship 
between boundary curves. Linear scanning curves were used in the first 
method to determine tension as a function of moisture content at a given 
depth in the soil. The slope of scanning curves in the intermediate 
moisture range was estimated by the shape of the scanning curves defined 
in the series II tension tests. Figures 46 and 47 show the boundary 
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Figure 46. Boundary tension loop and assumed scanning curves for 36 in 
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loop and scanning curves used to approximate the tension characteristics 
of the 36- and 60-inch depths of Ida silt loam. The scanning curves shown 
were assumed to represent both wetting and drying processes. The slope of 
any scanning curve was determined by interpolation between the scanning 
curves illustrated in the figures. 
Tensions at every 0.5-foot depth increment between the 2.0-foot depth 
and the 6.0-depth were predicted for each moisture profile with relation­
ships developed from 36- and 60-inch depth core samples. The tension 
characteristics of the soil layer between the 2.0- and 3.5-foot depths 
were assumed to be represented by the 36-inch depth characteristics, while 
the 4.0- to 6.0-foot layer was assumed to be represented by the 60-inch 
depth characteristics. A computer program was written to generate tension 
profiles using the tension-moisture characteristics shown in Figures 46 
and 47. 
Comparison of tensiometer readings in the NE plot with moisture content 
indicated that the initial soil water tension at 3 feet was best represented 
by the boundary wetting curve. Tension calculations were started assuming 
that the tension at each depth was represented by the wetting boundary 
curve. Neutron probe moisture content determinations were smoothed to ob­
tain a well defined relationship representing moisture content as a func­
tion of time and depth. Smoothing was necessary to restrict predicted 
tension fluctuations which would otherwise result from random error 
fluctuations in the original moisture content values. 
Tables listing the coordinates of the two boundary tension curves 
as well as scanning curve slope as a function of moisture content along 
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both boundary curves were stored in the computer prior to tension pre­
diction. Smoothed moisture values representing different depths and 
sampling times were stored in an array for later use. Tension at each 
depth was assumed to be initially represented by the wetting boundary 
curve. Successive time intervals between moisture determinations at 
each depth and tension were predicted to correspond to the moisture condi­
tion at the end of each time increment. 
The moisture content and tension status at the time corresponding to 
the previous moisture determination were stored to determine the effect 
of moisture change during each time increment. If a moisture content re­
versal at a given depth was indicated during the time increment, the tension 
status at the preceding time was checked to determine if tension had been 
previously represented on a scanning curve or on a boundary curve. If 
the tension was previously represented on a scanning curve, the same 
scanning curve was used to represent tension throughout the transition 
between the two boundary curves. Once the scanning curve intercepted the 
boundary curve, tension was assumed to be represented by the latter. If 
a moisture reversal occurred and the tension status at the end of the pre­
vious time increment had been represented on a boundary curve, tension was 
assumed to be represented on a scanning curve originating from the boundary 
curve at the moisture content at the end of the previous time increment. 
Scanning curve slope was determined by a linear interpolation of an input 
table listing the slope as a function of moisture content along that 
boundary curve. A tension profile was thus generated for times correspond­
ing to actual moisture profile determinations at each tube site. 
139 
Results of the method showed a discontinuity of the tension profile 
between the 3.5- and 4.0-foot depths where the two layers were assumed to be 
joined. Since the tension discontinuity was physically improbable, the 
method was not considered accurate. Errors were introduced by either (1) 
the assumption of only two discrete soil layers, (2) inaccurate defini­
tion of hysteretic properties of the tension characteristics with linear 
scanning curves, (3) inaccurate results of laboratory tension tests on 
soil core samples, or (4) inaccurate field moisture determination and 
representation by the smoothing technique. Tension gradients were, 
nevertheless, estimated from the two separate portions of the tension pro­
file. Increasing moisture potential values were sometimes predicted with 
increasing depth during drainage vAiich was a physical impossibility. 
During drying of the upper soil layer, predicted tension values increased 
rapidly with only a slight decrease in moisture content because of the 
steep slope of the scanning curves. This tended to overcompensate for 
the hysteretic effect and resulted in positive potential gradient esti­
mates. Predicted tension values in the 2.0 to 3.0-foot layer were higher 
than those measured with tensiometers in the plot. The error of the method 
was not isolated but direct tension prediction with the simple hysteresis 
model appeared unfeasible. 
The other method used to predict tension gradients was described in 
Chapter 4. Again, simplifying assumptions were required to justify use 
of the technique. The method required that soil characteristics be uni­
form with depth. Moisture gradients were converted to tension gradients 
by use of the slope of the drying boundary curve if the soil at a specific 
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depth was drying, or the slope of the wetting boundary curve if the soil 
was wetting. This method assumed that scanning curves were lines of constant 
moisture content and that all the profile was represented by the same boudary 
tension curve. Staple (1962) experimentally determined the shape of drying 
scanning curves and the slope of the tension-moisture characteristic curve 
during redistribution of previously infiltrated water into a silt loam 
soil. Boundary tension curves could not be used to convert moisture 
gradients to tensionjgradients immediately after moisture reversal. How-
! 
ever, for this study, the boundary curve techniques were considered ap­
plicable since gradients were predicted at soil depths where only small 
moisture fluctuations were experienced during the drainage of upper soil 
layers. The method proved to provide physically acceptable results and 
was used to calculate field conductivity values as well as to predict 
flux quantities in the percolation model. 
Velocity Estimates 
Vertical moisture flux was estimated, assuming vertical flow, from 
moisture profile information. Little lateral flow was indicated from 
moisture determinations taken 2 feet outside the boundary of either plot 
(see Figures 22 and 29). 
Stored moisture volumes were calculated above the 3- and 5-foot depths 
by integrating the moisture profile above each depth. Flux was estimated 
as the slope of the relationship between stored moisture above a given 
depth versus time. The spline function technique (Appendix A) was used to 
smooth discrete moisture storage-time data, ihe smoothing value, DY, was 
specified as 0.2 cm. for moisture storage values above each depth. 
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When water storage data were first analyzed with the spline function 
technique, little smoothing of the data was obtained at large time values. 
The smoothed function nearly interpolated the data points corresponding 
to large time values. Since the errors associated with each moisture pro­
file determination were approximately equal, smoothing was desired through­
out the time range in the data. This was accomplished by first smoothing 
storage volumes versus the logarithm of time. The smoothed volume values 
thus calculated were then interpolated using real time as the independent 
variable. Vertical flux was estimated from the slope of the interpolated 
storage-real time curve. 
Field Conductivity Results 
Conductivity estimates were obtained using a computer program to 
analyze moisture-depth data from the flooding tests. Since little in­
formation useful for conductivity measurements was obtained from the NW 
plot site, the following discussion pertains to results from the NE plot. 
Estimates of the conductivity for the 3- and 5-foot depths in the Ida 
soil were made with a computer program. Flux and potential gradients were 
obtained as previously described. The program required that coordinates 
of the boundary tension curves be stored to allow conversion of moisture 
gradients to tension gradients. 
Predicted potential gradients increased (toward zero) during drainage 
at each depth as vertical flux decreased. Accuracy of the prediction 
was not known. However, tensiometers indicated a hydraulic gradient slight­
ly greater than -1 during drainage at 36 inches while predicted values were 
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between -1 and 0 at that depth. At the 5-foot depth, potential gradients 
were predicted to be less than -1 during drainage at four out of the six 
tube sites within the plot. 
Field conductivity and laboratory conductivity estimates are plotted 
for the 36-inch depth of Ida silt loam in Figure 48, and for the 60-inch 
depth in Figure 49. Plotted field estimates were calculated from moisture 
data obtained after a four-hour redistribution period. Estimates from six 
tube locations are plotted in the figures. The range in moisture content 
was limited due to the small moisture content change at both depths dyr:^ ng 
passage of the wetting front. Even though significant scatter was ex­
hibited by the field estimates, they were considered reasonable since esti­
mates were obtained at different locations under different moisture flow 
conditions. The tension gradient estimation procedure was shown to be con­
sistent since comparable conductivity estimates were obtained during both 
wetting and drying processes. Comparison of velocity and conductivity 
plots indicate that the potential gradient estimation procedure was prefer­
able to assuming a unit gradient at each depth throughout the flow process. 
Flux estimates plotted against moisture content exhibited considerably 
more scatter than the plot of conductivity estimates versus moisture content. 
Field estimates of conductivity indicated higher conductivity values 
for Ida silt loam in the intermediate moisture range (25-35 percent) than 
those obtained from outflow test estimates on soil cores. Data presented 
by Nielsen et al. (1960) supported the accuracy of the field estimates in 
the intermediate moisture range. Nielsen obtained steady state conduc­
tivity estimates in the high moisture range on Ida silt loam soil cores. 
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Field estimates are shown to plot between Nielsen's data in the high mois­
ture range and the outflow test results in the low range. Scatter in 
field results included experimental error as well as the actual variability 
of soil conductivity between locations, van Bavel et (1968a) found 
that conductivity values varied as much as a factor of five between samples 
taken at the same depth at different locations in a clay loam soil. 
Only limited conductivity estimates were obtained from NW plot data. 
Moisture records showed little moisture movement beyond the 5-foot depth 
before the test was terminated. To salvage the data obtained, tension 
characteristics of the 60-inch depth in the Napier soil as determined 
from the series 11 laboratory tests were used to estimate tension gradients 
at the 36-inch depth. Results indicated a very high conductivity 
layer at the 36-inch depth. The soil was of alluvial origin and had a 
very high silt content. Conductivity at the 36-inch depth was apparently 
much higher than that in the soil immediately above and below the high silt 
layer. 
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CHAPTER VIII. DEEP PERCOLATION PREDICTION MODEL 
A mathematical model was formulated to predict net moisture flux 
through the lower boundary of the root zone from in situ moisture profile 
records and from tension and conductivity characteristics of soils. Mois­
ture profile records taken in the NE watershed during the four growing 
seasons from 1965 to 1968 were used as input data to the model. Tension 
and conductivity relationships of the soils in the watershed which were 
obtained from the laboratory and field tests were also used as input for 
the prediction model. 
The following assumptions were made in the development of the model: 
1. Moisture flow was vertical (no lateral flow). 
2. A single-valued function between conductivity and water content 
could be defined for each soil type. 
3. The lower boundary of the root zone was at a depth of 5 feet. 
4. Neutron probe moisture content determinations could be smoothed 
to represent the moisture profile. The slope of the smoothed 
profile thus obtained approximated the moisture gradient. 
5. Potential gradient could be estimated at the base of the root 
zone by the boundary tension curve technique to convert moisture 
gradients to potential gradients. 
6. Instantaneous flux estimates could be integrated with respect to 
time to provide net flow quantity estimates. 
7. All moisture transfer would occur at moisture levels above the 
water content corresponding to a 1000 cm. of H2O tension. 
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The model required the following Input data* 
1. Tables of moisture content-tension values representing the con­
ductivity of wetting and drying boundary tension curves for each 
soil type. 
2. A table of moisture content-conductivity values for each soil 
type. 
3. Moisture sampling site identification. 
4. Date of moisture determination and neutron probe water content 
determinations taken at 1-foot increments from 0.5 to 8.5 feet 
depth. 
In the analysis procedure, neutron probe moisture content readings 
representing the moisture conditions at a given tube site and date were 
smoothed with the spline function procedure (Appendix A). All moisture 
content data were smoothed using 0.5 percent as an estimated standard de­
viation of each moisture content determination. The potential gradient 
at the 5-foot depth was calculated as the product of the moisture gradient 
at that depth and the slope of the appropriate boundary tension curve 
evaluated at the moisture content at 5 feet. For each moisture profile 
analyzed an Instantaneous flux value was estimated by Darcy's law as the 
negative of the product of the potential gradient and conductivity. Values 
of boundary tension slope and conductivity were determined from spline 
functions representing the tabular input data. The time after the first 
moisture profile determination was calculated for each moisture profile 
measurement made at each site during the season. The resulting flux-time 
relationship was integrated with a simple trapezoidal algorithm to obtain 
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net flow out o£ the root zone as a function of time. Tabular output was 
printed by the computer to summarize the flow conditions at each moisture 
sampling site for the growing season. Values of time, moisture content, 
tension gradient, estimated flux and net moisture transfer were printed 
to permit better evaluation of the model. 
Hydrologie Trends in the Research Area 
Input data were taken from soil moisture records from the NE water­
shed during the 4-year period, 1965-1968. Deep percolation at each of the 
six moisture access tube sites was unknown. Hydrologie records of the re­
search watersheds were studied to estimate the magnitude and importance of 
the deep percolation process in the study region. An estimate was re­
quired to evaluate the accuracy of the prediction model. Precipitation, 
surface runoff, water table elevations and base flow records in addition 
to soil moisture records were examined for this purpose. 
A summary of the precipitation and surface runoff measured on the 
six research watersheds during the 1965-1968 period is given in Table 3. 
Precipitation and runoff records were collected in the watersheds only 
during the growing season of each year. Annual records were obtained from 
the official U.S. Weather Bureau Station at the headquarters of the Western 
Iowa Experimental Farm located 1 mile east of the watershed area. Pre­
cipitation distribution patterns and the resulting subsurface hydrologie 
response observed in the watersheds are Illustrated during the 4-year 
period in Figures 50 and 51. A critical evaluation of hydrologie trends 
offered a better understanding of the role of deep percolation in the 
hydrology of the study area. 
Figure 50. Summary of hydrologie trends in experimental watersheds, 1965 - 1966 
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Precipitation and surface runoff 
Annual precipitation was above average in 1965 and 1968 but signifi­
cantly below average in 1966 and 1967 (see Table 3). Records showed that 
precipitation was above normal during the two preceding years, 1963 and 
196^  and that moisture reserves in the upper 5 feet of soil were normal 
at the beginning of the study period in the spring of 1965. Distribution 
of precipitation followed a general pattern with the highest precipitation 
occurring in early summer and the lowest in late fall and winter. Monthly 
precipitation during June accounted for 33 percent of the annual rainfall 
in 1966 and 54 percent in 1967. The period of heavy precipitation normally 
preceded the period of highest moisture usage by corn. 
Table 3. Summary of precipitation and runoff from Gingles experimental 
watersheds and from Western'Iowa Experimental Farm weather 
station 
Watersheds Experimental farm 
Period of Annual Deviation from 
Year record Precipitation Runoff® precipitation average^  
(in.) (in.) (in.) (in.) 
1965 VI0-10/19 26.1 2.5 36.0 +5.9 
1966 3/17-10/15 16.8 0.9 20.8 -9.3 
1967 4/22-10/24 20.9 4.0 25.1 -5.0 
1968 4/14-10/17 27.8 1.4 33.6 +3.5 
R^unoff value is average of all corn cropped watersheds. 
A^verage annual precipitation - 30.08 inches. 
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Surface runoff records are listed in Table 3 for the watersheds 
planted in corn. Low values of surface runoff resulted from the high 
infiltration capacity of the soils in the area. As a result of a difference 
in infiltration capacity, less runoff was-measured on watersheds with grass 
and legume cover than those planted in corn. The highest annual average 
runoff (4.0 in.) from watersheds planted in corn was measured during 1967. 
Even though annual precipitation was below average in 1967, high intensity 
storms coupled with wet antecedent conditions caused high runoff during 
the month of June. 
Water table fluctuations 
Records show that water table elevation declined steadily during the 
4-year study period. Water table elevations are plotted in Figures 50 
and 51 for two wells, designated as B and D. Locations of the wells in 
the study area are shown in Figure 3. Both wells were located in a 
natural draw between the NW and NM watersheds. Well B was located 180 feet 
upslope from Well D. The water table was approximately 35 feet below the 
surface at Well B and 20 feet below the surface at Well D. Because of 
the relatively shallow water table at both sites, a response of the water 
level in the wells could be expected after a period of significant perco­
lation through the upper soil layer. 
The most significant rise in the water table level was observed at 
Well D following heavy precipitation in June 1967. As expected, the water 
table responded more rapidly at Well D than at Well B. The greater at­
tenuating effect of the soil moisture reservoir at Well B reduced the rate 
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of recharge to the groundwater aquifer but above normal recharge continued 
over a longer period of time at Well B than at Well D. 
A falling water table indicated a greater discharge rate than re­
charge rate into the groundwater aquifer. During periods when the water 
table remained constant or was rising, a recharge rate equal to or greater 
than the discharge rate was expected. Stable or slightly increasing water 
table levels were observed at the two well sites in late August 1966, 
July 1967, and late June and early July 1968. Except for the case of 
Well D in July 1967, no abrupt fluctuations were observed. The time of 
percolation through the root zone could not be determined from water 
table fluctuations because of the attenuation effect of the unsaturated 
zone above the water table on water movement into the groundwater reservoir. 
Water table levels dropped approximately 2.1 feet at both well sites 
between June 1965 and December 1968. During the same period, the water 
table dropped nearly 5.0 feet at Well A located at the surface watershed 
divide near the center of the watershed tract. The hydraulic gradient 
between the two lower well sites remained relatively constant throughout 
the period. 
The steady downward movement of the water table may have been 
the result of an imbalance of the hydrology of the area caused by the 
initiation of the research program in 1963. Prior to this time, the area 
had been essentially abandoned and had reverted to native grasses and weeds. 
Vegetative cover was sparse due to a low fertility level. The average 
recharge may have been reduced when a high fertility continuous corn crop­
ping program was initiated. The corn crop had a higher water requirement 
and deeper rooting system than previous vegetation which resulted in 
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higher moisture use and probably less deep percolation. In addition, 
high consumptive use demands for corn generally followed periods of highest 
precipitation during the growing season. Most of the infiltrated water 
was used by the crop before it migrated beyond the root zone. The moisture 
requirement for corn exceeded the normal rainfall during the growing 
season. In general, moisture reserves were depleted by the end of each 
growing season. Rainfall during fall and winter was generally too lew to 
completely recharge the soil moisture reservoir before the start of the 
next growing season. Little percolation could have been expected in the 
fall and winter unless above average preclpatation replenished surface 
moisture deficits. 
The precipitation distribution pattern in Figure 51 shows that sub­
stantial rainfall fell during the fall of 1968. Above average precipita­
tion was also recorded during the winter. During the interim between 
December 1968 and April 1969, water table elevation increased by as much 
as 1.9 feet in Well D and 0.9 foot in Well B. The increase is shown in 
Figure 52 as a dashed line. Water table records were not obtained between 
December 1968 and March 1969, but the water table was assumed to rise most 
abruptly during the spring thaw during the middle of March. The hy­
draulic gradient between the two wells decreased in April after the 
recharge period, but more rapid drainage in the vicinity of Well D during 
the summer acted to reestablish the previous gradient. 
The two major factors causing the early spring recharge in 1969 were 
those of (1) above average precipitation during the preceding fall and 
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winter, and (2) retention of excess water in the upper soil layer by 
thermal gradients during fall and. winter. Thermal effects on moisture 
migration in the upper soil layer is illustrated in Figure 53 where 
moisture profiles obtained in late fall and early spring at tube 7 in 
the NE plot are shown. The dashed line (A) represents the initial moisture 
distribution in the plot before flooding on 25 September, 1968. Curve B 
shows the moisture profile measured on 29 Nov., 1968 and curve C represents 
the moisture profile measured on 17 March, 1969. The latter profile was 
measured shortly before the frost layer thawed in the spring. The plot 
was covered during the entire period. Water was translocated upward by 
a thermal gradient from soil below the frozen zone toward the surface 
where it accumulated near the base of the frost layer. When the frost 
layer thawed, excess water was released and allowed to rapidly move 
through the unsaturated soil to the water table. A similar phenomena 
apparently occurred in the watersheds where the abrupt rise in water table 
elevations indicated significant recharge of the groundwater aquifer in 
early spring. 
Soil moisture records obtained in the NE watershed after the heavy 
rainfall in October 1968 showed that little water migrated beyond the 5-
foot depth by Nov. 29. Depleted moisture reserves and thermal gradient 
effects restricted downward movement of moisture during the period. 
Soil moisture records 
Soil moisture content at the 5-foot depth was plotted for each site 
during the 4-year period in Figures 50 and 51. Moisture content is shown 
to vary with soil type and with time during the growing season. Variation 
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Figure 53. Moisture content profiles illustrating the effect of thermal 
gradients on moisture migration toward the surface 
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in moisture conditions was also observed between tube sites within the 
same soil type. The 5-foot moisture content was a good indicator of the 
moisture reserve in the overlying soil. 
A definite moisture trend was illustrated by the plotted data; water 
contents were generally highest in June and lowest in late summer. 
Measured water contents were generally highest in the Napier soil and 
lowest in the Ida soil. Water content of the Monona soil was normally 
! 1 
between the water content measured in the other two soil types. The av­
erage water content reflected the tension characteristics of the three 
soils; Napier retained the highest water content for a given tension and 
Ida the lowest. High soil moisture contents were measured in 1967 after 
the heavy rainfall in June. Significant amounts of water apparently 
passed through the upper soil profile during the period when water content 
of the soils were increasing. However, little precipitation fell during 
the remainder of the season and soil moisture reserves were again depleted 
by the end of the season by crop usage. Very high moisture contents were 
measured at the Napier 1 site in 1967. Excess water was apparently sup­
plied by above average infiltration around that tube site during runoff 
events in June. A small rill formed near the tube site during June which 
concentrated surface runoff near the tube. 
One of the most reliable methods for estimating the quantity of deep 
percolation was the study of the fluctuations of soil water stored between 
the 5- and 9-foot depths in the soil. Soil moisture records were examined 
to find the increase in the storage of water in the 5- to 9-foot layer 
during the growing season. The net increase in moisture stored in the 
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layer could not be equated to the net flux through the base of the root 
zone since neither quantity nor direction of flux at the upper and lower 
boundaries was known. However, the increase in water stored in the layer 
during the early part of the growing season could be used as a conservative 
estimate of the net flux out of the root zone since moisture flux at the 
9-foot depth was assumed to be either zero or always downward. The maxi­
mum observed increase in water storage in the 5- to 9-foot layer is listed 
for each site and growing season in Table 4. Net deep percolation from 
the root zone during the growing season could have been either higher or 
lower than the values listed. The difference would depend on the relative 
magnitude of the upward flux through the top boundary of the 5 to 9-
foot soil layer as compared to the downward flux through the lower boundary. 
If upward flux at the 5-foot depth was greatest, net percolation from the 
root zone would have been lower than the values given in the table and 
vice versa. Significant quantities of water were transferred from the 
root zone to the deep layer, especially in 1967. The quantity trans­
ferred upward to the root zone during the growing season, however, was 
unknown. 
Table 4. Maximum increase in moisture stored in the 5- to 9-foot soil 
layer as compared to the volume initially stored at the start 
of the growing season 
Site 
Year Ida Monona Nap ler 
1 2 1 2 1 2 
(cm) (cm) (cm) (cm) (cm) (cm) 
1965 1.5 2.4 2.8 2.0 0.8 2.5 
1966 4.1 4.1 3.8 5.4 3.3 3.0 
1967 6.8 5.1 4.8 8.1 6.6 4.3 
1968 0.5 3.3 M M  0.2 0.0 0.0 
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Base flow measurements 
During the spring and summer of 1968 base flow was measured period­
ically in gullies near the research watershed tract. Measurements were 
taken in gullies that had cut to the till layer underlying the deep loess 
mantle. Subsurface watershed boundaries were assumed to correspond to 
the surface watershed boundary above the gaging location. Base flow de­
clined rapidly in all gullies from April 25 to the first week in July 
and then remained fairly constant through September. The base fljow thus 
! I 
measured represented deep percolation plus the decrease in groundwater 
storage. 
One of the sites gaged was in a gully below the Gingles NE and SB 
watersheds. Flow decreased in that gully from 1.95 x 10"^ cubic feet per 
second per acre (cfs/ac) in late April to 0.34 x 10"^ cfs/ac in mid-
September. Based on an assumed drainable pore space of the loess directly 
above the water table of 25 percent by volume, the approximately constant 
base flow of 0.34 x 10"^ cfs/ac during the summer would represent an av­
erage rate of decrease of the water table of only 0.1 foot per year. 
The average rate of decrease of the water table during the summer at Well 
B was 0.15 foot per year, while at Well D it was 0.45 foot per year. Water 
level in Well I, located near the SE watershed, decreased at a rate of 
0.8 foot per year. All of these wells were located in the upper portion 
of the groundwater mound where the rates of decrease at water table levels 
may have been greater than the average over the underground watershed. 
Judging from these rough calculations, most of the base flow was apparently 
derived from dewatering the aquifer rather than from deep percolation 
during the summer of 1968. 
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Consumptive use estimates 
Consumptive use o£ corn at each of the six access tube sites was 
calculated from hydrologie records. The basic water balance equation was 
used, 
CO = PPT - SRO - ASM - DP (8-1) 
where 
CU = consumptive use or évapotranspiration, ' 
! i I 
PPT= precipitation, 
SRO= surface runoff, 
AgM= change in soil moisture stored in the root zone, and 
DP = deep percolation. 
Infiltration (PPT - SRO) was assumed to be constant at all locations in 
the watershed while deep percolation was assumed negligible. Estimates of 
consumptive use were determined using both 5- and 9-foot soil profiles. 
The resulting estimates are listed in Table 5. Where greater consumptive 
use estimates were obtained using a 9-foot moisture reservoir rather than 
the 5-foot reservoir, either net downward flux was greater at the 9-foot 
depth or plants extracted moisture from below the 5-foot depth. 
The assumption of equal infiltration over the watershed was an over­
simplification of the runoff process. Nevertheless, it should have been 
a good estimate during years of low runoff and in areas of the watershed 
where runoff was not concentrated. Significantly higher than average 
infiltration was measured at the Napier 1 site in 1967. During the period 
from May 10 to June 13, the increase in soil moisture storage exceeded 
the average infiltration by more than 0.6 inch. The consumptive use esti­
mate during the period was low by the amount of the moisture storage 
Table 5* Consumptive use estimates for corn at each moisture access tube site in the NE ex­
perimental watershed (1965-1968) 
Consumptive use, inches 
Period Total 5-ft soil 
of Total surface Infiltra­ Tube 9-ft soil 5-ft soil reservoir Average 
Year record PPT runoff tion site reservoir reservoir 6/11-8/16 6/11-8/16 
1965 6/11-10/8 15.00 0.73 14.27 Napier 1 16.9 16.0 10.9 
Napier 2 17.2 16.1 10.4 
Monona 1 15.3 15.4 _ . 11.8 
Monona 2 16.2 17.3 10.8 
Ida 1 15.7 15.6 11.2 
Ida 2 16.6 16.4 12.4 11.2 
1966 5/17-9/16 13.38 0.93 12.45 Napier 1 18.8 18.5 13.9 
Napier 2 18.9 18.5 13.7 
Monona 1 19.0 18.6 15.0 
Monona 2 16.6 17.1 13.6 
Ida 1 17.1 17.5 14.3 
Ida 2 19.5 18.9 15.3 14.3 
1967 5/10-9/15 19.22 4.08 15.14 Napier 1 14.7a 15.8% 12.6 
Napier 2 16.3 17.3 13.4 
Monona 1 16.2 16.0 14.0 
Monona 2 18.6 18.7 15.2 
Ida 1 16.6^ 17.OC 14.0 
Ida 2 16.2 17.6 14.2 13.9 
Revised estimate = 16.9 in. 
^Revised estimate = 18.0 in. 
^Based on period 6/13-9/15. 
Table 5. (Continued) 
Consumptive use, inches 
Period Total 5-ft soil 
of Total surface Infiltra- Tube 9-ft soil 5-ft soil reservoir Average 
Year record PPT runoff tion site reservoir reservoir 6/11-8/16 6/11-8/16 
1968 4/25-8/21 13.58 0.00 13.58 Napier 1 15.9 14.5 11.5 
Napier 2 16.7 15.2 12.9 
Monona 1 - - -
Monona 2 15.9 16.8 13.8 
Ida 1 17.5 16.0 14.2 
Ida 2 17.4 14.5 12.9 
Average soil type 
Napier 16.9 16.5 12.4 
Monona 16.8 17.1 13.5 
Ida 17.1 16.7 13.5 
13.1 
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increase plus the true consumptive use during the 34-day period. Revised 
estimates at the Napier 1 site in 1967 were made using the évapotranspira­
tion during the initial 34-day period at the Napier 2 site. This revision 
increased the original estimate by 2.2 inches. The revised value was com­
parable to estimates at the other sites. Also included in Table 5 are 
consumptive use estimates calculated for a common time period within each 
I 
growing season. The {common time period between June 11 and August 16 was 
dictated by available moisture records. These estimates better reflected 
the differences between growing seasons. However, direct comparison to 
estimate deep percolation effects was impossible because of confounding 
effects of meterorological variables and plant population differences 
between years. 
Model Prediction 
The model was used to predict net moisture flow out of the lower 
boundary of the root zone at each of the moisture access tube sites in 
the NE watershed. Conductivity estimates from various methods were used 
for prediction and a sensitivity analysis was made to determine the effect 
of moisture measurement error on the predicted result. 
Variation between conductivity estimates 
Conductivity relationships were available from one step outflow tests, 
field conductivity tests, a method based on the tension characteristic 
curve of the soils, and published data. The information available was 
synthesized to determine the best conductivity relationship representing 
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each soil type in its natural state. Summaries of all the conductivity 
information available for each soil type at the 60-inch depth are graphic­
ally illustrated in Figures 54, 55 and 56. The methods used to obtain 
the information have been previously described. The most complete in­
formation was available for the Ida silt loam soil. Because of this, 
some assumptions concerning the conductivity characteristics of the other 
two soils were based on the information in Figure 54. 
Conductivity estimates from the outflow test method were considered 
most accurate in the low moisture content range (less than 25 percent) but 
were much lower than other estimates at moisture contents above this 
value. The tension characteristics method corresponded closely with 
Nielsen's ^  ail. (1960) published data in the high moisture range on 
similar subsoil materials of both the Ida and Monona soils. Field con­
ductivity estimates were between the outflow test results and the tension 
characteristic results for the Ida soil. Field estimates at the 36-inch 
depth in the Napier soil were disregarded since the soil at 36 inches in 
the flooding plot was not considered representative of the 60-inch depth 
soil. The 36-inch layer apparently had a much higher conductivity than 
the 60-inch soil. It was initially assumed, based on the Ida soil con­
ductivity data, that an average conductivity relationship could be de­
termined by extending the linear portion of the outflow test conductivity 
curve in the low moisture range upward until it coincided with the tension 
characteristics curve. In Figure 54, this curve passed through the field 
information and was assumed to be representative of the conductivity re­
lationship in the intermediate moisture range. Average curves thus defined 
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are drawn in each figure with a dashed line. As can be observed in 
Figures 55 and 56, no information was available for the Monona and Napier 
soils in the intermediate moisture range upon which to base the placement 
of the average curve. The guideline used was to follow the shape of the 
curve drawn for the Ida soil where field conductivity estimates provided 
information in the transition between the two curves. The average con­
ductivity relationship thus developed varied little from the outflow test 
curve in the low moisture range. Figures 50 and 51 show that measured 
moisture content levels in the Ida and Monona soils seldom exceeded the 
25-percent moisture level. Measured water contents in the Napier soil, 
however, were consistently higher than the 25-percent level. For this 
reason, conductivity for the Napier soil was poorly defined by. the out­
flow data in the natural moisture range. 
Predictions were made using moisture data obtained at the six NE 
watershed tube sites utilizing three different conductivity relationships 
for each soil type. The three conductivity relationships used were (1) 
the tension characteristics curve, (2) outflow test curve, and (3) the 
average curve. Data for potential gradient estimation was obtained from 
the mean boundary tension curves developed for each of the soil types shown 
in Figures 42, 43 and 44. Results of the predictions using the three con­
ductivity inputs for each tube site are given in Table 6. Percolation 
values predicted by the three different conductivity estimates showed 
large variation. Qualitative evaluation of the percolation from hydrologie 
records was the only means available to select the best alternative. 
Water table elevations indicated no period of high recharge except in 1967. 
However, average consumptive use estimates were not excessively high 
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during any of the 4 years studied. The maximum increase in soil moisture 
stored in the 5- to 9-foot depth layer below the root zone was 8.1 cm. 
at the Monona 2 site in 1967. As a first approximation, the 8.1 cm. value 
was assumed to be the maximum deep percolation loss at any of the tube 
sites during the growing season. Predictions from the tension character­
istic method and the average conductivity curves were bbvibusly too high 
at the Napier sites. Outflow test predictions were conservative when 
compared to the values in Table 4 representing the maximum moisture ac­
cretion to the 5- to 9-foot layer below the root zone during each season. 
Table 7 lists the percolation estimates from the model using outflow test 
conductivity on the dates when maximum storage was observed in the 5- to 
9-foot soil moisture réservoir. Comparison of the values in Table 7 with 
corresponding values in Table 4 reveals that percolation estimates were. 
Table 6. Effect of conductivity estimate on deep percolation prediction 
(Conductivity method: T - tension characteristics, A - average 
curve, 0 - one step outflow test) 
Year 
Period 
of 
record 
Cond. 
method 
Site 
Ida Monona Napier 
1 2 1 2 1 2 
(cm) (cm) (cm) (cm) (cm) (cm) 
1965 6/12-10/8 T 2.40 3.82 4.70 26.63 1.68 73.87 
A 0.36 0.51 -0.06 1.40 0.34 21.51 
0 0.43 0.62 0.00 1.67 0.02 1.14 
1966 4/22-9/16 T 4.33 7.57 2.78 103.79 386.50 106.31 
A 0.57 1.16 0.26 6.62 136.88 34.22 
0 0.69 1.18 0.09 5.60 5.59 1.60 
1967 6/13-9/15 T 13.05 4.59 23.98 28.67 569.61 113.65 
A 3.83 0.52 1.32 1.61 364.16 27.43 
0 1.80 0.76 1.15 1.77 5.69 2.05 
1968 4/17-8/16 T -0.07 0.00 0.00 -6.18 -0.04 
A -0.06 0.00 - 0.00 -0.32 -0.60 
0 — 0# 01 0.00 - 0.00 -0.25 -0.46 
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Table 7. Predicted percolation estimates using outflow test values 
after the initial moisture determination when the maximum 
storage was observed in the 5- to 9-foot soil layer 
Site 
Ida Monona Napier 
Year 1 1 Ï 1 2 
(cm) (cm) (cm) (cm) (cm) (cm) 
1965 0.48 0.65 0.43 1.70 0.12 1.24 
1966 0.87 1.22 0.60 4.33 4.37 1.26 
1967 2.34 0.93 1.28 1.59 5.20 2.15 
1968 0.00 0.00 0.00 0.00 0.00 
in all but one case, lower than moisture accretion to the lower soil 
layer. The one case of overprediction was at the Napier 1 site in 1966. 
Large differences may be noted between the measured moisture increase and 
the predicted percolation values. However, similar comparison with pre­
dictions from the other two conductivity methods revealed gross overpre­
diction in the Napier soil. Outflow test conductivity predictions ap­
peared to be the best of the three alternatives. Use of outflow test 
conductivity values permitted a comparison of predicted quantities between 
soil types since conductivity relationships were determined under similar 
conditions even though the predicted values were considered low. 
Variation associated with moisture content determination error 
One of the major sources of error in the percolation model was as­
sociated with the error of field moisture measurement. The neutron probe 
did not measure moisture content values with an error less than 0.5 percent 
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by volume. To illustrate the sensitivity of the model to changes in 
moisture profile measurement, predictions were made from moisture profiles 
obtained by arbitrarily adding 1 percent to the actually measured moisture 
percentages and from profiles obtained by subtracting 1 percent from all 
measured moisture percentages. Outflow test conductivity values were used 
in the prediction model. Results of the analysis are listed in Table 8 
and they show that predicted percolation values may differ by a factor of 
two between moisture profiles with only a 2 percent moisture difference. 
Accuracy of model 
The three sources of error in the prediction technique are (1) error 
of conductivity determination, (2) error of potential gradient estimate 
and (3) error of field moisture measurement. It was found in this study 
that conductivity estimates varied as much as a factor of five between 
replicates taken at the same depth in the same soil pit. Large errors 
could have been introduced in the prediction by a small absolute error 
in potential gradient estimation especially when the true gradient was 
approaching zero. Errors in field moisture measurement tended to amplify 
both the conductivity and potential gradient error. 
No measure of relative error was obtained for the potential gradient 
estimation procedure. Further work is required to evaluate the procedure 
as used in this study. Predicted gradients should be compared with simul­
taneous tensiometer measurements taken above and below the 5-foot depth. 
Qualitatively, the procedure provided acceptable results. In general, 
the predicted potential gradient shifted during the season to retard 
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Table 8. Predictions obtained by adding 1 percent to measured moisture 
contents (upper) and by subtracting 1 percent from measured 
moisture contents (Idwer) (Actual prediction given as middle 
value in each cell) 
Site 
Period Ida Monona Napier 
Year 
of 
record 
1 2 1 2 1 2 
(cm) (cm) (cm) (cm) (cm) (cm) 
0.60 0.92 0.21 2.25 0.03 1.36 
1965 6/12-10/8 0.43 0.62 0.00 1.67 -0.02 1.14 
0.22 0.41 0.06 1.43 -0.05 0.88 
0.98 1.87 0.40 7.61 6.63 1.96 
1966 4/22-9/16 0.69 . 1.18 0.09 5.60 5.59 1.60 
0.30 0.72 -0.23 4.32 4.54 1.26 
2.47 0.99 1.86 2.08 6.65 2.64 
1967 6/13-9/15 1.80 0.76 1.15 1.77 5.69 2.05 
1.25 0.61 0.94 1.07 4.71 1.74 
-0.05 0.00 -0.01 -0.27 -0.50 
1968 4/17-8/16 -0.01 0.00 
— 
0.00 -0.25 -0.46 
0.00 0.00 0.00 -0.20 -0.32 
downward moisture movement as the upper layer dried and in many cases 
indicated a flux reversal after extended dry periods. 
The error associated with conductivity estimation was the major source 
of error of the prediction technique. High variability between conductivity 
estimates has also been observed by other investigators, van Bavel et al. 
(1968a) reported variation as high as five times between conductivity 
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estimates obtained at different locations but at the same depth in a 
given clay loam soil. In this study, variation between replicate 
samples taken side by side demonstrated an equivalent variation. More 
variation would, no doubt, have been observed if samples of each soil type 
had been taken at different locations. Part of the variation measured 
with the outflow technique was attributed to nonuniform contact between 
samples and porous plates in the Tempe cells. This, however, could not be 
expected to explain all the variation. High variability may be expected 
between samples from all natural soils. 
Direct verification of the model was not possible. Measurement of 
moisture flux in natural soils has not been sufficiently developed to pro­
vide known flux values. Caution must be used before accepting the pre­
dicted quantities from the model. Combined errors of conductivity and po­
tential gradient estimation could lead to large discrepancies in predicted 
results. Results could be in error by an order of magnitude. The failure 
of the model to provide reliable estimates limits its potential as a method 
to correct consumptive use estimates for deep percolation. Predicted per­
colation quantities seem to be in line with the hydrologie subsurface re­
sponse. The model may at least provide a good indication of thé relative 
quantity of flow from one year to the next and gives good estimates of the 
direction of flow at the base of the root zone. 
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CHAPTER IX. SUMMARY AND CONCLUSIONS 
A model was developed to predict moisture flux across an imaginary 
boundary at the base of the root zone in uniform loessial soils. Predic­
tions were made using moisture records obtained in a small (2.2 ac.) re­
search watershed located in the deep loessial soil region of western Iowa. 
Prediction of net moisture movement at the 5-foot depth was predicted at 
two sites in each of the three soil types found in the watershed. The 
model required inputs of tension and conductivity characteristics of each 
soil type at the 5-foot depth. 
Tension characteristics determined from laboratory tests on undis­
turbed soil cores were used to predict potential gradients from moisture 
profiles. A simplified method to partially account for the hysteretic ef­
fect of the moisture-tension relationship was proposed. 
Estimates of unsaturated conductivity were determined using (1) the 
one-step outflow test as used by Doering (1965), (2) a method based en­
tirely on the tension desaturation curve as suggested by Laliberte et al. 
(1966), and (3) an analysis of moisture profiles obtained in plots after 
flooding. Poor agreement was found among conductivity results for the 
various methods. The outflow test procedure yielded significantly lower 
conductivity estimates in the intermediate and high moisture range than 
did the other methods. Plate and sample to plate contact impedances 
of the test cells were suspected to be the cause for lower estimates in 
the high moisture range. Field conductivity estimates were intermediate 
between the values obtained from the other two methods. Nevertheless, 
outflow conductivity values were used in the prediction model because (1) 
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insufficient field conductivity data was available for the Monona and 
Napier soils in the intermediate and high moisture ranges and (2) outflow 
conductivity values were determined for each soil type with a standard 
technique which allowed a better relative comparison between predicted 
percolation values from different soil types. Outflow test conductivity 
values were expected to result in conservative percolation estimates. 
Tension characteristics of the wetting and drying curve and the con-
ductivity-moisture content relationships of each soil were stored in the 
computer before moisture profiles were analyzed for flux prediction. Raw 
moisture-depth data were smoothed with a spline function technique de­
veloped by Reinch (1967). The moisture gradient at the 5-foot depth was 
determined from the slope of the smoothed moisture profile. The moisture 
gradient was converted to a potential gradient by the slope of an appro­
priate boundary tension curve. Flux at the 5-foot depth was calculated 
using Darcy's law for unsaturated flow. Flux values calculated for each 
moisture profile analyzed were numerically integrated with respect to time 
to obtain the net moisture transfer through the lower boundary of the root 
zone. 
Absolute verification of the model was not possible since neither 
évapotranspiration from the surface nor the flux at the base of the root 
zone was known. However, hydrologie records were studied to estimate deep 
percolation in the study region and the resulting estimates were compared 
with model predictions. Water t^ble elevations showed only one significant 
recharge period during the 4 year study period. This came in July 1967 
following a period of heavy rainfall. Soil moisture records indicated a 
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maximum increase in moisture storage in the 5- to 9-foot layer during 
the growing season of 8.1 cm. This was considered to be the maximum ex­
pected net percolation loss from the root zone during the period studied. 
It appeared that average deep percolation during the growing season in the 
watershed was in the range of 0-6 cm. The prediction model yielded lower 
values than the soil moisture accretion measured in the soil layer below 
the root zone. However significant percolation was predicted with the 
model at times when other, available records indicated the same. 
The conclusions drawn from the results of this study were; 
1. Moisture flux out of the root zone can be qualitatively estimated 
with the prediction model if tension and conductivity relationships of 
the soil are known. Predictions may, however, be in error by an order of 
magnitude as a result of the uncertainty associated with the conductivity 
and potential gradient estimation procedures. 
2. The simplified method used to predict potential gradients from 
moisture profiles provided reasonable estimates in uniform field soils. 
Field conductivity values based on its use were consistent for both wetting 
and drying processes to further substantiate its validity in uniform soils. 
Flux reversals were predicted as expected during latter periods of the 
growing season as crops depleted the surface moisture reservoir. 
3. The maximum expected deep percolation loss at any of the tube 
sites during the four growing seasons was 8.1 cm. The maximum expected deep 
percolation average over the watershed was estimated to be 6 cm. It 
appears that in most years a relatively small error would be introduced 
in consumptive use calculations if the deep percolation term was neglected 
in the water budget equation. 
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4. Rapid recharge of the groundwater reservoir in the study region 
is unlikely in areas where corn or other deep rooted crops are grown un­
less fall and winter precipitation replenish the normally depleted surface 
moisture reservoir before the next growing season. Greatest rates of re­
charge would be expected immediately after the frost layer thaws or after 
periods of heavy rainfall in early spring. 
5. Before quantitative results from the model can be used with confi­
dence, more information is required to determine the accuracy of the 
method. True variability of the conductivity between locations within 
the same soil type must be known. The accuracy of the potential gradient 
estimation procedure must also be determined before confidence can be 
placed in the estimation practice. At this time, extreme variability of 
moisture and soil conditions between locations in the same soil type appears 
to limit the applicability of point prediction techniques for watershed 
percolation estimation. 
6. Observations of water table elevations and moisture storage fluc­
tuations in deep soil layers can offer only rough estimates of watershed 
percolation quantities. Percolation in watersheds can best be determined 
over a long time period by a surface runoff and base flow measuring pro­
gram. Another approach in determining deep percolation loss is to compute 
évapotranspiration and use the water budget equation to solve for deep 
percolation. Lysimeters can be used to measure évapotranspiration but the 
high cost of installation limits their use. Evapotranspiration can be 
estimated indirectly with models based on the physics of moisture transfer 
from plant and soils. Evapotranspiration can probably be predicted as 
accurately with these techniques as moisture flux in the soil if complete 
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meteorological records are available. High coat and difficulty of precise 
instrumentation of the various components of the hydrologie cycle, how­
ever, will require most percolation estimates to be made from indirect 
measurements using models based on meterorological variables checked 
against available precipitation, runoff and soil moisture data. 
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CHAPTER X. RECOMMENDATIONS FOR FURTHER RESEARCH 
The extreme variability in the results of different conductivity 
measuring methods limits the usefulness of a mathematical approach for 
predicting moisture flux in soils. The error associated with the ex­
perimental technique must be evaluated before true conductivity may be 
estimated. Once conductivity can be accurately measured, true variability 
of conductivity of natural soils between locations in the same soil type 
should be evaluated. If the variability between locations is large, an 
excessive number of point flux predictions may be required to be confident 
of an average watershed percolation estimate. If extreme variability is 
found in the conductivity relationships, the unsaturated flow technique 
appears to have little value as a tool for quantitative estimation of 
moisture flow in watersheds. 
Field conductivity-tests appear to have the .most promise 
for determination of variability of conductivity between locations. If 
field tests are used, conductivity estimates should be obtained at random 
sites within a given soil type area. Plots should be instrumented with 
tensiometers to determine hydraulic gradients directly. An instantaneous 
profile method as described by van Bavel et al. (1968a) could be used to 
predict conductivity from moisture content, potential and velocity profiles 
developed from field measurements. Preliminary flooding and drainage of 
field plots before testing would provide more uniform moisture conditions 
within each plot and would permit the tension history of the soil water 
to be defined. Water should be applied by sprinkling without ponding to 
assure a more uniform application. 
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After conductivity relationships are defined at selected sites, other 
plots should be selected at random in the same soil types to provide an 
independent test of the flux prediction procedure. These plots could be 
flooded periodically and covered to prevent evaporation to allow a flux 
estimate to be obtained from moisture profile records. Tension and mois­
ture content determinations should be recorded as in the first set of 
plots. But for these plots, predicted hydraulic gradients and flux values 
should be compared to measured values. Inputs to the prediction model 
would be the mean conductivity relationship developed from the first set 
of flooding tests, and tension characteristics determined from either 
undisturbed core samples or the tension-moisture relationships observed 
during the first series of flooding tests. 
Further work is also required to determine the effect of hysteresis 
on flux processes in field soils. The concept of independent domain, as 
proposed by Poulovassilis (1962) should be studied as an approach to the 
mathematical description of hysteresis effects. Estimation of the potential 
gradient from moisture data will remain a problem until the hysteretic 
effect can be better defined. Potential gradients are most difficult to 
define immediately after a moisture reversal occurs. Studies to determine 
the characteristics of true potential gradients during various flow cycles 
would be valuable in the study of natural moisture movement. 
Further investigations should be conducted to determine the maximum 
depth of influence of plant roots. Soil moisture records indicate moisture 
withdrawal by corn below the 5-foot depth. For good estimates of consump­
tive use, the maximum depth of influence should be used as the moisture 
reservoir depth in soil moisture storage calculations. 
184 
REFERENCES 
ÂshcroEt, Gaylen, Donald D. Marsh, D. D. Evans, and Larry Boersma. 1962. 
Numerical method for solving the diffusion equation: I. Horizontal 
flow in semi-infinite media. Soil Sci. Soc. Amer. Proc. 26; 522-525. 
Baver, L. D. 1956. Soil Physics. 3rd ed. John Wiley and Sons, Inc., 
New York, N.Y. 
Bell, J. P. and j. S. 6. McColloch. 1969. Soil moisture estimation by 
the neutron probe method in Britain. Journal of Hydrology 7: 415-433. 
Bodman, G. B. and E. A. Coleman. 1943. Moisture and energy conditions 
during downward entry into soils. Soil Sci. Soc. Amer. Proc. 8: 
116-122. 
Brooks, R. H. and A. T. Corey. 1964. Hydraulic properties of porous 
media. Colorado State University Hydrology Paper No. 3. 
Bruce, R. R. and A. Klute. 1956. The measurement of soil moisture dif-
fusivity. Soil Sci. Soc. Amer. Proc. 20: 458-462. 
Buckingham, Edgar. 1907. Studies on the movetnent of'soil moisture. U.W. 
Department of Agriculture Bureau of Soils Bulletin No. 38. 
Burrows, W. C. and Don Kirkham. 1958. Measurement of field capacity with 
a neutron meter. Soil Sci. Soc. Amer. Proc. 22: 103-105. 
Burst, K. J., C. H. M. van Bavel, and G. B. Stirk. 1968. Hydraulic 
properties of a clay loam soil and the field measurement of water 
uptake by measured and calculated conductivities. Soil Sci. Soc. 
Amer. Proc. 32: 322-326. 
Cannell, Glen H. and L. H. Stolzy. 1962. Hydraulic gradients associated 
with infiltration in field studies. Soil Sci. Soc. Amer. Proc. 26: 
112-115. 
Gary, J. W. 1968. An instrument for in situ measurements of soil 
moisture flow and suction. Soil Sci. Soc. Amer. Proc. 32: 3-5. 
Gary, John W. and S. A. Taylor. 1967. The dynamics of soil water. 
Part II - Temperature and solute effects. In R. M. Hagen, H. R. 
Haise, and T. W. Edminster, eds. Irrigation of agricultural lands. 
American Society of Agronomy Monograph 11: 245-253. 
Childs, E. C. and N. Collis-George. 1948. Soil geometry and soil water 
equilibrium. Disc. Faraday Soc. 3: 78-85. 
185 
Childs, E. C. and N. Collis-George. 1950. The permeability of porous 
materials. Royal Soc. of London Proc., Series A, 201: 392-405. 
Cohen, 0. P. and E. Bresler. 1967. The effect of non-uniform water ap­
plication on soil moisture content, moisture depletion and irri­
gation efficiency. Soil Sci. Soc. Amer. Proc. 31: 117-121. 
Coleman, E. A. 1944. The dependence of field capacity upon the depth of 
wetting of field soils. Soil Sci. 58: 43-50. 
Coleman, E. A. and 6. B. Hodman. 1944. Moisture and energy conditions 
during downward entry of water into moist and layered soils. Soil 
Sci. Soc. Amer. Proc. 9: 3-11. 
Corey, A. T. 1957. Measurement of water andi air permeability in un­
saturated Soil. Soil Sci. Soc. Amer. Proc. 21: 7-10. 
Corey, A. T. and W. D. Kemper. 1961. Concept of total potential in 
water and its limitations. Soil Sci. 91: 299-302. 
Corey, A. T., R. 0. Slayter, and W. D. Kemper. 1967. Comparative 
terminologies for water in the soil-plant-atmosphere system. In 
R. M. Hagen, H. R. Raise, and T. W. Edminster, eds. Irrigation of 
agricultural lands. American Society of Agronomy Monograph 11: 
427-445. 
Davidson, J. M., J. W. Biggar, and D. R. Nielsen. 1963. Gamma-radiation 
intensity for measuring bulk density and transient water flow in 
porous materials. Journal of Geophys. Res. 68: 4777-4783. 
Day, Paul R., G. H. Bolt, and D. M. Anderson. 1967. Nature of soil water. . 
In R. M. Hagen, H. R. Raise, and T. W. Edminster, eds. Irrigation of 
agricultural lands. American Society of Agronomy Monograph 11: 193-
208. 
Doering, E. J. 1965. Soil-water diffusivity by the one-step method. 
Soil Sci. 99: 322-326. 
Dreibelbis, F. R. 1954. Soil type and land use effects on percolation 
of soil water through monolith lysimeters. Soil Sci. Soc. Amer. 
Proc. 18: 358-362. 
Dreibelbis, F. R. 1962. Some aspects of watershed hydrology as determined 
from soil moisture data. Journal of Geophys. Res. 67: 3425-3435. 
Dreibelbis, F. R. 1963. Land use and soil type effects on the soil moisture 
regimen in lysimeters and small watersheds. Soil Sci. Soc. Amer. 
Proc. 27: 455-460. 
186 
Dreibelbis, F. R. and McGuinnesa, J. L. 1958. Leaching loss. Agronomy 
Journal 10, No. 7: 24, 44. April-May. 
Blrick, D. E. and C. B. Tanner. 1955. Influence of sample pretreatment 
on soil moisture retention. Soil Sci. Soc. Amer. Proc. 19; 279-282. 
Fancher, G. 1956. Henry Darcy - engineer and benefactor of mankind. 
Journal of Petroleum Technology 8: 12-14. 
Ferguson, A. H. and W. H. Gardner. 1962. Water content measurements in 
soil columns by gamma-ray absorption. Soil Sci. Soc. Amer. Proc. 
26: 11-14. 
Freeze, R. Allen. 1969. The mechanism of natural ground water recharge 
and discharge I. One dimensional, vertical unsteady flow above a 
recharging or discharging ground-water flow system. Water Re­
sources Res. 5: 153-171. 
Gardner, W. and D. Kirkham. 1952. Determination of soil moisture by 
neutron scattering. Soil Sci. 73: 391-401. 
Gardner, W. R. 1956. Calculation of capillary conductivity from pressure 
plate outflow data. Soil Sci. Soc. Amer. Proc. 20: 317-320. 
Gardner, W. R. 1959. Solutions of the flow equation for the drying of 
soils and other porous media. Soil Sci. Soc. Amer. Proc. 23: 183-187. 
Gardner, W. R. 1962a. Note on the separation and solution of diffusion 
type equations. Soil Sci. Soc. Amer. Proc. 26: 404. 
Gardner, W. R. 1962b. Approximate solution of a non-steady state drain­
age problem. Soil Sci. Soc. Amer. Proc. 26: 129-132. 
Gardner, W. R. 1964. Water movement below the root zone. International 
Cong, of Soil Sci. Trans. 2: 63-69. 
Gardner, W. R. and C. F. Ehlig. 1963. The influence of soil water on 
transpiration by plants. Journal of Geophys. Res. 68: 5719-5724. 
Gardner, W. R. and M. S. Mayhugh. 1958. Solutions and tests of the dif­
fusion equation for the movement of water in soil. Soil Sci. Soc. 
Am. Proc. 22: 197-201, 
Gardner, Walter H. 1965. Water content. In C. A. Black, D. D. Evans, 
J. L. White, L. E. Ensminger, and F. F. Clark, eds. Methods of Soil 
Analysis. Agronomy Monograph 9, Part I: 82-127. 
Gardner, Willard and John A. Wldtsoe. 1921. The movement of soil moisture. 
Soil Sci. 11: 215-232. 
187 
Green, R. E., R. J. Hanks, and W. E. Larsen. 1964. Estimates of field 
infiltration by numerical solution of the moisture flow equation. 
Soil Sci. Soc. Amer. Proc. 28s 15-19. 
Green, Richard E. 1962. Infiltration of water into soils as affected by 
antecedent moisture. Unpublished Ph.D. thesis. Ames, Iowa, Library, 
Iowa State University of Science and Technology. 
Hanks, R. J. and S. A. Bowers. 1960. Non-steady state moisture, tempera­
ture, and soil air pressure approximation. Soil Sci. Soc. Amer. 
Proc. 24: 247-252. 
Hanks, R. J. and S. A. Bowers. 1962. Numerical solution of the moisture 
flow equation fdr infiltration into layered soils. Soil Sci. Soc. 
Amer. Proc. 26: 530-535. 
Hanks, R. J., A. Klute, and E. Bresler. 1969. A numeric method for 
estimating infiltration, redistribution, drainage, and evaporation 
of water from soil. Water Resources Res. 5: 1064-1069. 
Hewlett, John D., James E. Douglass, and Jerome L. Clutter. 1964. 
Equations of variance of neutron probe moisture determinations. Soil 
Sci. 97: 19-24. 
Hewlett, John D. and Alden R. Hibbert. 1963. Moisture and energy condi­
tions within a sloping soil mass during drainage. Journal of Geophys. 
Res. 68: 1081-1087. 
Hilgeman, R. H. 1948. Changes in the soil moisture in the top eight feet 
of bare soil during 22 months after wetting. Journal of Amer. Soc. 
Agron. 40: 919-925. 
Hill, J. N. 8., and M. E. Sumner. 1967. Effect of bulk density on moisture 
characteristics of soils. Soil Sci. 103: 234-238. 
Horton, J. H. and R. H. Hawkins. 1965. Flow path of rain from the soil 
surface to the water table. Soil Sci. 100: 377-383. 
Hutcheon, W. L. 1958. Moisture flow induced by thermal gradients with 
unsaturated soils. In Highway Research Board Special Report 40: 
113-133. 
Ibrahim, H. A. and W. Brutsaert. 1968. Intermediate infiltration into 
soils with hysteresis. Amer. Soc. Civil Eng. Proc. 94 (Hy 1 No. 
5726): 113-137. 
Jackson, R. D., C. H. M. van Bavel, and R. J. Reginato. 1963. Examina­
tion of the pressure plate outflow method for measuring capillary 
conductivity. Soil Sci. 96: 249-256. 
188 
Johnson, William R. and Eugene R. Perrier. 1962. Air leakage from porous 
plate apparatus and its effect on moisture retention data. Soil Sci. 
93: 262-264. 
Kirkham, D. and C. L. Feng. 1949. Some tests of the diffusion theory and 
laws of capillary flow in soils. Soil Sci. 67: 29-40. 
Kirkham, D. and W. Powers. 1969. Soil physics. Agronomy 677 course 
notes. Mimeo. Agronomy Department, Iowa State University of Science 
and Technology, Ames, Iowa. 
Klute, A. 1952a. A numerical method for solving the flow equation for 
water in unsaturated materials. Soil Sci. 73: 105-116. 
Klute, A. 1952b. Sbme theoretical aspects of the flow of water in un­
saturated soils. Soil Sci. Soc. Amer. Proc. 16: 144-148. 
Klute, A., F. D. Whisler, and E. J. Scott. 1964. Soil water diffusivity 
and hysteresis data from radial flow pressure cells. Soil Sci. Soc. 
Amer. Proc. 28: 160-163. 
Kunze, Raymond and Don Kirkham. 1962. Simplified accounting for membrane 
impedance in capillary conductivity determinations. Soil Sci. Soc. 
Amer. Proc. 26: 421-426. 
Laliberte, 6. E., R. H. Brooks, and A. T. Corey. 1968. Permeability 
calculated from desaturation data. Amer. Soc. Civil Eng. Proc. 94 
(IR2 No. 5843): 57-71. 
Laliberte, 6. E., A. T. Corey, and R. H. Brooks. 1966. Properties of 
unsaturated porous media. Colorado State University Hydrology Paper 
No. 17. 
Letey, J., E. Hsia, R. E. Pelishek, and J. Osborn. 1961. Infiltration 
measurement with the neutron probe. Soil Sci. 81: 77-83. 
Ligon, James T. 1968. Evaluation of the gamma transmission method for 
determining soil water balance and evaporation. Unpublished mimeo­
graphed paper presented at Amer. Soc. Agr. Eng. meeting, Logan, Utah, 
June 1968. American Society of Agricultural Engineers, St. Joseph, 
Mich. 
Low, Phillip F. 1961. Concept of total potential and its limitations: 
a critique. Soil Sci. 91: 303-305. 
Luthin, J. H. and P. R« Day. 1955. Lateral flow above a sloping water 
table. Soil Sci. Soc. Amer. Proc. 19: 406-410. 
Marshall, T. J. 1958. A relation between permeability and size distribu­
tion of pores. Journal Soil Sci. 9: 1-8. 
189 
McDonald, Phillip M. 1967. Disposition of soil moisture held in tem­
porary storage in large pores. Soil Sci. 103: 139-143. 
McHenry, J. Roger. 1963. Theory and application of neutron scattering 
in the measurement of soil moisture. Soil Sci. 95: 294-307. 
Mcllroy, I. C. 1964. The measurement of evaporation. Water resources, 
use and management III. In Procedures of a Symposium of Australian 
Academy of Science. Pp. 94-101. Melbourne University Press, Mel­
bourne, Australia. 
Miller, B. E. and D. E. Elrich.. 1958. Dynamic determination of capillary 
conductivity extended for non-negligible membrane impedance. Soil 
Sci. Soc. Amer. Proc. 22: 483-486. 
Miller, E. E. and A. Klute. 1967. The dynamics of soil water; Part I -
Mechanical forces. In R. M. Hagen, H. R. Raise, and T. W. Edminster, 
eds. Irrigation of agricultural lands. American Society of Agronomy 
Monograph 11: 209-244. 
Miller, Raymond J. and Phillip F. Low. 1963. Threshold gradient for 
water flow in clay systems. Soil Sci. Soc. Am. Proc. 27: 605-609. 
Miller, Robert D. and John L. McCurdie. 1953. Field capacity in labora­
tory columns. Soil Sci. Soc. Amer. Proc. 17: 191-195. 
Nielsen, Donald Rodney. 1958. Movement of water in unsaturated soils 
as related to soil physical properties. Unpublished Ph.D. thesis. 
Library, Iowa State University of Science apd Technology, Ames, Iowa. 
Nielsen, D. R. and J. W. Biggar. 1961. Measuring capillary conductivity. 
Soil Sci. 92: 192-193. 
Nielsen, D. R., J. W. Biggar, and J. M. Davidson. 1962. Experimental 
consideration of diffusion analysis in unsaturated flow problems. 
Soil Sci. Soc. Amer. Proc. 26: 107-111. 
Nielsen, D. R., J. M. Davidson, J. W. Biggar, and R. J. Miller. 1964. 
Water movement through Panoche clay loam soil. Hilgardia 35: 491-506. 
Nielsen, D. R., Don Kirkham, and E. R. Perrier. 1960. Soil capillary 
conductivity: Comparison of measured and calculated values. Soil 
Sci. Soc. Amer. Proc. 24: 157-160. 
Nielsen, D. R., Don Kirkham, and W. R. van Wijk. 1961. Diffusion 
equation calculations of field soil water profile. Soil Sci. Soc. 
Amer. Proc. 25: 165-168. 
190 
Ogata, G. and L. A. Richards. 1957. Water content charges following ir­
rigation of bare field soil that is protected from evaporation. 
Soil Sci. Soc. Amer. Proc. 21: 355-365. 
Ohmstede, W. D. 1964. Numerical solution of transient flow of water in 
unsaturated soil with applications to outflow from soil moisture ex­
tractors. Journal Geophys. Res. 69: 633-642. 
Oschwald, W. R., F. F. Riecken, R. I. Dideriksen, W. H. Sholtes, and 
F. W. Schaller. 1965. Principal soils of Iowa. Iowa State Univer­
sity Department of Agronomy Special Report No. 42. 
! 
Phillip, J. R. 1955.' Numerical solution of equations of the diffusion 
type with diffusivity concentration-dependent. Faraday Soc. Trans. 
51: 885-892. 
Phillip, J. R. 1957a. Numerical solution of equations of the diffusion 
type with diffusivity concentrâtion-dependent. II. Australian J. 
Physics 10: 29-42. 
Phillip, J. R. 1957b. The theory of infiltration. 1. The infiltration 
equation and its solution. Soil Sci. 83: 345-357. 
Phillip? J. R. 1957c. The theory of infiltration. 2. The profile at 
infinity. Soil Sci. 83: 435-448. 
Phillip, J. R. 1957d. The theory of infiltration. 3. Moisture profiles 
and relation to experiment. Soil Sci. 84: 163-178. 
Phillip, J. R. 1957e. The theory of infiltration. 4. Sorptivity and 
algebraic infiltration equations. Soil Sci. 84: 257-264. 
Phillip, J. R. 1957f. The theory of infiltration. 5. The influence of 
the initial moisture content. Soil Sci. 84: 329-339. 
Phillip, J. R. 1958. The theory of infiltration. 6.- Effect of water 
depth over soil. Soil Sci. 85: 278-286. 
Phillip, J. R. 1964. Similarity hypothesis for capillary hysteresis in 
porous materials. Journal of Geophys. Res. 69: 1553-1562. 
Pillsbury, Arthur F., Joseph F. Osborn, and Robert E. Pelishek. 1963. 
Residual soil moisture below the root zone in southern California 
watersheds. Journal of Geophys. Res. 68: 1089-1091. 
Poulovassilis, A. 1962. Hysteresis of pore water, an application of the 
concept of independent domains. Soil Sci. 93: 405-412. 
Reginato, R. J. and C. H. M. van Bavel. 1962. Pressure cell for soil 
cores. Soil Sci. Soc. Amer. Proc. 26: 1-3. 
191 
Reitich, Christian H. 1967. Smoothing by spline functions. Numeriche 
Mathematik 10: 177-183. 
Reisenauer, A. E. 1963. Methods for solving problems of multidimensional, 
partially saturated steady flow in soils. Jour. Geophys. Res. 
68; 5725-5733. 
Remson, I., R. L. Drake, 8. S. McNeary, and E. M. Wallo. 1965. Vertical 
drainage in an unsaturated soil. Amer. Soc. Civil Eng. Proc. 91 
(Hy 1 No. 4196): 55-74. 
Remson, I., A. A. Fungaroli, and G. M. Hornberger. 1967. Numerical 
analysis of soil moisture systems. Amer. Soc. Civil Eng. Proc. 93 
(Ir 3 No. 5429):; 153-166. 
Reynolds, E. R. C. 1966. Percolation of rainwater through soil demon­
strated by fluorescent dyes. Journal of Soil Sci. 17: 127-132. 
Richards, L. A. 1931. Capillary conduction of liquids through porous 
mediums. Physics 1: 318-333. 
Richards, L. A. 1940. Hydraulics of water in unsaturated soil. Agr. 
Eng. 22: 325-326. 
Richards, L. A. 1949. Methods of measuring soil moisture tension. 
Soil Sci. 68: 95-112. 
Richards, L. A., W. R. Gardner, and 6. Ogata. 1956. Physical processes 
determining water loss in the soil. Soil Sci. Soc. Amer. Proc. 20: 
310-314. 
Richards, Sterling J. and Leslie V. Weeks. 1953. Capillary conductivity 
values from moisture yield and tension on soil columns. Soil Sci. 
Soc. Amer. Proc. 17: 206-209. 
Rijtema, P. E. 1959. Calculation of capillary conductivity from pressure 
plate outflow data with non-negligible membrane impedance. Neth. 
Journal Agr. Sci. 7: 209-215. 
Rose, C. W. and W. R. Stern. 1965. The drainage component of the water 
balance equation. Aust. Journal Soil Res. 3: 95-100. 
Rose, C. W., W. R. Stern, and J. E. Drummond. 1965. Determination of 
hydraulic as a function of depth and water content for soil ^  situ. 
Aust. Journal Soil Res. 3: 1-9. 
Rubin, Jacob. 1966. Theory of rainfall uptake by soils initially drier 
than their field capacity and its applications. Water Resources 
Research 2: 739-749. 
192 
Rubin, J. 1967. Numerical method for analyzing hysteresis - affected 
post-infiltration redistribution of soil moisture. Soil Sci. Soc. 
Amer. Proc. 31: 13-20. 
Slichter, Charles S. 1899. U.S. Geological Survey. Annual report 19 -
II: 295-384. 
Smith, R. M. and D. R. Browning. 1947. Soil moisture tension and pore 
space relations for several soils in the range of "field capacity." 
Soil Sci. Soc. Amer. Proc. 12: 17-21. 
Staple, W. J. 1962. Hysteresis effects on soil moisture movement. Can. 
Journal of Soil Sci. 42: 247-253. 
Staple, W. J. 1965. Moisture tension, diffusivity, and conductivity 
of a loam soil during wetting and drying. Can. Journal of Soil 
Sci. 45: 78-85. 
Staple, W. J. 1966. Infiltration and redistribution of water in vertical 
columns of loam soil. Soil Sci. Soc. Amer. Proc. 30: 553-558. 
Staple, W. J. and J. J. Lehave. 1954. Movement of moisture in unsaturated 
soils. Can. J. Agr. Sci. 34: 329-342. 
Staple, W. J. and J. J. Lehane. 1962. Variability in soil moisture 
sampling. Can. Journal of Soil Sci. 42: 157-164. 
Stockinger, Karl R., Eugene R. Perrier, and William D. Fleming. 1965. 
Experimental relations of water movement in unsaturated soils. Soil 
Sci. 100: 124-129. 
Stolzy, L. H.j L. V. Weeks, T. E. Szuszkiewicz, and 6. A. Cahoon. 1958. 
Use of neutron equipment for estimating soil suction. Soil Sci. 88: 
313-316. 
Swartzendruber. Dale. 1963. Non-Darcy behavior and the flow of water 
in unsaturated soils. Soil Sci. Soc. Am. Proc. 27; 491-495. 
Toksoz, Sadik, Don Kirkham, and E. Robert Baumann. 1965. TVo dimensional 
infiltration and wetting fronts. Amer. Soc. Civil Eng. Proc. 91 
(No. IR 3): 65-79. 
Topp, G. C., A. Klute, and D. B. Peters. 1967. Comparison of water 
content-pressure head data obtained by equilibrium, steady-state, 
and unsteady state methods. Soil Sci. Soc. Amer. Proc. 31: 312-314. 
Topp, G. C. and E. E. Miller. 1966. Hysteretic moisture characteristics 
and hydraulic conductivities for glass-bead media. Soil Sci. Soc. 
Amer. Proc. 30: 156-162. 
193 
van Bavel, C> Ho M. 1958. Measurement of soil moisture content by the 
neutron method. U.S.D.A. Agricultural Research Service Bui. 41-24. 
van Bavel, C. H. M. 1962. Accuracy and source strength of a soil mois­
ture neutron probe. Soil Sci. Soc. Amer. Proc. 26: 405. 
van Bavel, C« H. M., K. J. Burst, and G. B. Stirk. 1968a. Hydraulic 
properties of a clay loam soil and the field measurement cfwater 
uptake by roots. II. The water balance of the root zone. Soil 
Sci. Soc. Amer. Proc. 32: 317-321. 
van Bavel, C. H. M., G. B. Stirk, and K. J. Burst. 1968b. Hydraulic 
properties of a clay loam soil and the field measurement of water 
uptake by rootsw I. Interpretation of water content and pressure 
profiles. Soil Sci. Soc. Amer. Proc. 32: 310-317. 
van Bavel, C. H. M., Newton Underwood, and R. W. Swanson. .1956. Soil 
moisture measurements by neutron moderation. Soil Sci. 82; 29-41. 
Wang, Flora Chu. 1963. An approach to solution of unsteady flow problem 
in soils. Stanford University Dept. of Civil Engineering Technical 
Report No. 19. 
Wang, Flora Chu, Nabil A. Hassan, and Joseph B. Franzini. 1964. A method 
of analyzing unsteady, unsaturated flow in soils. Journal of 
Geophys. Res. 69: 2569-2577. 
Wassmuth, R. H., J. W. Wolfe, and L. Boersma. 1966. Vertical unsteady 
flow to drains described. Amer. Soc. Agr. Eng. Trans. 9s 880-882, 
886. 
Watson, K. K. 1965a. Some operating characteristics of a rapid response 
tensiometer system. Water Resources Res. 1: 577-586. 
Watson, K. K. 1965b. Non-continuous porous media flow. The University 
of New South Wales Water Research Laboratory Report No. 84. 
Watson, K. K. 1966. An instantaneous profile method for determining the 
hydraulic conductivity of unsaturated porous materials. Water Re­
sources Res, 2: 709-715. 
Watson, K. K. 1967. Experimental and numerical study of column drain­
age. Amer. Soc. Civil Eng. 93 (Hy 2): 1-15. 
Weeks, L. V. and Stolzy, C. H. 1958. The use of portable neutron equip­
ment to measure the quantity of water in large soil columns. Soil 
Sci. Soc. Amer. Proc. 22; 201-203. 
194 
Whisler, F. D. and A. Klute. 1965. The numerical analysis of infiltra­
tion, considering hysteresis into a vertical soil column at equilibri­
um under gravity. Soil Sci. Soc. Amer. Proc. 29: 489-494. 
Wilcox, J. C. 1959. Rate of soil drainage following an irrigation: 
Nature of soil drainage curves. Can. Journal of Soil Sci. 39: 107-119. 
Wilcox, J. G. 1960. Rate of soil drainage following an irrigation: 
Effects on determination of rate of consumptive use. Can. Journal 
of Soil Sci. 40: 15-27. 
Willardson, L. S. and W. L. Pope. 1963. Separation of évapotranspiration 
and deep percolation. Amer. Soc. Civil Eng. Proc. 89 (IR 3): 77-88. 
Willardson, L. S. and W. L. Pope. 1965. Reply: Separation of évapo­
transpiration and deep percolation. Amer. Soc. Civil Eng. Proc. 91 
IIR 1): 196-201. 
Williams, Roy E. and David W. All man. 1969. Factors affecting infiltra­
tion and recharge in a loess covered basin. Jour, of Hydrology 8: 
265-281. 
Willis, W. 0., H. L. Parkinson, C. W. Carlson, and H. J. Haas. 1964. 
Water table changes and soil moisture loss under frozen conditions. 
Soil Sci. 98: 244-248. 
Youngs, E. G. 1957. Moisture profile during vertical infiltration. 
Soil Sci. 84: 283-290. 
Youngs, E. 6. 1958. Redistribution of moisture in porous materials 
after infiltration: 1. Soil Sci. 86: 117-125. 
Youngs, E. 6. 1964. An infiltration method of measuring the hydraulic 
conductivity of unsaturated porous materials. Soil Sci. 97: 307-311. 
195 
ACKNOWLEDGMENTS 
I would like to express my appreciation to Dr. Howard P. Johnson 
for his guidance and counsel during this study and his assistance in the 
preparation of the manuscript. I would also like to thank Dr. Don 
Kirkham, Dr. Clarence W. Bockhop, Dr. Thamon E. Hazen, Dr. Ted L. Willrich 
and Dr. David V. Huntsberger for serving on my graduate committee. 
I am grateful to Dr. Darrell W. DeBoer and Dr. C. T. Haan for their 
encouragement, assistance and challenging discussion during the study. 
Dr. Minoru Amemiya, Dr. William C. Moldenhauer and John Laflen are 
thanked for giving unselfishly of their time and assistance. 
I would also like to thank Dr. William D. Shrader for his help with 
the watershed data, and David Olson for his assistance with the data 
smoothing computer program. 
I want to extend my appreciation'to my many friends and fellow graduate 
students who helped make my long period of study at Iowa State University 
a pleasant one. 
My appreciation is extended to the National Science Foundation and 
the Iowa Agricultural Experiment Station for providing me with financial 
support to make my study possible. 
Above all, 1 am most thankful to the One who gave me the opportunity 
for my education, and the hope to use it in the future to help others. 
196 
APPENDIX A. DATA SMOOTHING AND INTERPOLATION WITH SPLINE FUNCTIONS 
A method to fit a smoothed curve through discrete data points 
(x^, where the values are measured with error is often desired 
in analysis of experimental data. The method of least squares should be 
used if the theoretical form of the functional relationship is known. But 
if the true form of the function is not known, a spline function may be 
used to represent the data. The spline function is made up of a series 
of individual line segments each representing only a portion of the curve 
between successive values. The first, second, or. even higher order 
derivatives may be matched at interior xj^ values between two connecting 
line segments. 
Reinch (1967) developed a mathematical technique to smooth data with 
a cubic spline function which had the first and second derivatives matched 
at the common endpoints of the individual line segments. The optimum 
function to satisfy the following criteria was Calculated. 
Let x^, yj^, i = 0,...,n be given and assume that 
*0 < *i < • • • < *n • 
The smoothing function minimized the integral. 
(A-1) 
among all functions, g (k), such that 
n 2 
(A-2) 
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where 
S - a smoothing parameter (a large value specifying greater smoothing) 
DY^ = a constant (normally used as the estimated standard deviation 
of y^). 
Reinch used the smoothing parameter, 8, to permit implicit rescaling 
of the quantities, DY^^, which controlled the extent of smoothing. He 
suggested that the estimated value of the standard deviation of yj^ should 
be specified for the value of DY. In this case, natural values of S 
would lie within the confidence interval, 
N - (2N)^ < S < N + (2N)^ , 
where N = the number of data points. 
The optimum function to satisfy the two imposed conditions was ob­
tained by standard methods of the calculus of variations. The mathematical 
derivation was complex and is not presented in this Appendix. It was shown 
that the optimum spline function would be a series of cubic parabolas, 
f(x) = a^ + bj^(x-xi) + Ci(x-xi)2 + dj^Cx-x^)^, x^ ^  x < x^ + 1. (A-3) 
An algorithm was presented in the original paper to solve for the a,b,c,d 
coefficient values for each parabolic curve segment of the spline function. 
Reinch suggested use of the estimated standard deviation of y^ for 
the value of DY^ and the number of data points for the value of S in 
Equation (A-2) to obtain best smoothing of experimental data. To verify 
the use of the suggested values, a test was conducted to study the effect 
of the parameter values on smoothing. A cosine function, 
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y = 10 cos + 20, (A-4) 
was selected to represent a hypothetical moisture profile. Functional 
values were calculated at x increments of 0.5 from 0-10. Random errors 
[N (Of a)] were generated and added to the true functional values. The 
resulting data points were smoothed with the available computer subroutine 
program. Each DY. parameter was set equal to the standard deviation of 
the generated errors. The data were smoothed for different values of S. 
The first derivatives of the spline function evaluated at each of abscissa 
values of the data points were compared with the true values. Six levels 
or magnitudes of the standard deviation of error were specified and three 
independent sets of random errors were generated within each level. A 
spline function was calculated for each of 10 values of S to fit the 18 
data sets generated. The mean square error of the first derivative was 
calculated from the error of the prediction determined at the 20 x^ 
points in each data set. Results are summarized in Figure 57. The error 
of the predicted first derivative was minimized by an S/N value of 1 for 
each variance level studied. The error mean square of the derivative was 
based on the mean of three independent tests at each specified error level. 
The effect of too little or too much smoothing on the accuracy of the pre­
dicted first derivative is demonstrated by the concave shape of the curves. 
When using this method to smooth experimental data, DY^ was assumed 
to be equal for all y^ values since all were measured with the same expected 
error. When smoothing was desired, the value of S was set equal to the 
number of data points and when interpolation was desired, S was set equal 
to zero. 
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BRROR. MBAN SQUARE OF PRBDICTBD 
FIRST OBRIVATIVB OF TfB FUNCTIcm 
Y « 10 COS —  ^ + 20 
BVALUATBO AT 20 EQUALLY SPACED POINTS 
IN TIC RANGE, Oi X£ 10 
VERSUS 
RELATIVE SMOOTHING PARAMETER VALUE ,S/N 
NOTE: DY value shown is the average 
of the standard déviations 
representing the three indpen 
dently generated error sets 
DY=1.695 
DY>0.359 
DY=O^W 
DY=0.079 
DYa0.055 
3.0 3.5 4.0 4.5 
SMOOTHING PARAMETER VALUE/NUMBER OF DATA POINTS, S/N 
Figure 57. Mean square error of prediction of first derivative of cosine 
function for various levels of DY and for different values of 
the smoothing parameter S 
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A subroutine named REIN was written in Fortran IV language to perform 
the smoothing analysis. The call list and the explanation of the argument 
list follows: 
CALL REIN (X, Y, A, B, C, D, Nl, N2, DY, S) 
where 
X = array of x-^ values, ordered from lowest to highest value, 
Y = array of y^ values corresponding to xj^ values, 
A,B,C,D, = spline coefficient arrays, 
Nl = subscript of the lowest value of x^, 
N2 = subscript of the highest value of x^, 
DY = estimated standard deviation of individual y^ values, and 
S = smoothing parameter i for best smoothing S = N2-N1+1, 
for interpolation 8 = 0. 
Coefficients of the cubic spline segments are returned to the main program 
as A, B, C and D arrays. Elements with the same subscript, i, from each 
of the four arrays defines the cubic parabola line segment between x^ and 
x^+^. A second subroutine, DERIV, was used in conjunction with the REIN 
subroutine to return to the main program the value of the spline function 
and its first derivative at any x value within the range of the data. 
Values returned were calculated from the spline coefficients generated by 
the REIN subroutine. Both subroutines are available at the Agricultural 
Engineering Department. 
The effect of the value of DY is illustrated in Figure 58. Raw 
moisture data are plotted along with the two spline functions resulting 
from DY values specified as 0.5 and 1.0. The value of S was set equal to 
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Figure 58. Effect of specified DY value on smoothing of neutron probe 
data 
202 
the number o£ data points. Data points were oversmoothed with a DY 
value of 1.0. The smoothed curve deviated from the data points where 
sharp curvature of the moisture profile was indicated. The curve cor­
responding to a DY value of 0.5 was more sensitive to change of the moisture 
gradient but yet provided a smooth curve from which moisture gradients 
could be obtained. 
j 
i 
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APPENDIX B. EFFECTS OF HYSTERESIS ON POTENTIAL GRADIENT DURING 
WETTING AND DRYING PROCESSES 
Hysteresis exhibited by the tens ion-moisture content relationship 
in soils complicates the mathematical solution of unsaturated moisture flow 
problems. The relationship between tension and moisture content is not 
single-valued; it depends on whether the soil is wetting or drying and on 
the past history of the tension relationship. During natural processes 
of infiltration and redistribution processes, each depth in the soil 
profile is characterized by a different tension characteristic curve. 
Unless scanning curves can be accurately described, absolute tension pre­
diction at selected depths in the profile from moisture content data is 
difficult if not impossible. 
Hysteresis of the tension relationship acts to promote infiltration 
and to retard drainage in a soil. This effect may be illustrated with a 
hypothetical case of a homogeneous, semi-infinite soil column at a uniform 
moisture content, Oq* If water is applied to the soil surface and at 
time, t%, the water source is removed, a typical moisture profile would 
appear as represented in part (a) of Figure 59. After a period of redis­
tribution, a second moisture profile would appear as that representing 
time, t2, in the figure. The assumed profiles will be used to show quali­
tatively the effect of hysteresis on the potential gradient. 
Tension characteristics of the soil during wetting and drying proces­
ses are shown in part (b) of Figure 59. Boundary and scanning curves are 
drawn to represent the general shape observed in soils. Assume soil water 
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Figure 59. Effect of hysteresis on capillary potential gradient during 
wetting and drying 
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tension was initially represented on the boundary drying curve. The ini­
tial capillary potential profile can then be represented by à line of 
constant potential,[see part (c)]. The gravitational component of 
the total water potential is omitted to clarify the illustration. The 
value of the total potential gradient is equal to the value of the capil­
lary potential gradient minus one. 
During the wetting process, soil water tension can be represented at 
each depth by one wetting scanning curve, S^. Since the maximum water 
content reached at each depth varied with depth, a different drying scan­
ning curve must be defined for each depth. 
The effect of hysteresis on the capillary potential profile during 
infiltration is demonstrated in part (c) of the figure. For the case of 
no hysteresis, the tension relationship was assumed to be represented by 
the drying boundary curve. For the case of hysteresis, the wetting scan­
ning curve, Sy, was used to represent the tension relationship. A com­
parison of the two profiles representing conditions for the two cases of 
time, t, reveals a steeper gradient at the wetting front for hysteresis 
(Hi) than for no hysteresis (NHj). The steeper gradient would, therefore, 
tend to promote higher infiltration. 
Capillary potential gradients resulting from two tension character­
istic assumptions of hysteresis and no hysteresis were constructed to 
represent the redistribution process at time, t2. The tension character­
istic curve for the case of no hysteresis was again assumed to be repre­
sented at all depths by the drying boundary tension curve. For the case 
of hysteresis, drying scanning curves were drawn to comply with experimental 
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observations reported by Staple (1962). He measured almost constant 
tension levels in the drying region immediately after a moisture gradient 
reversal. The effect of hysteresis on the drainage process is illus­
trated by the capillary potential profiles representing the two assump­
tions concerning tension relationships, hysteresis (H^) and no hysteresis 
(NH2)* Potential gradients in the drying region are shown to have a 
higher (less negative) value for hysteresis than for no hysteresis. Drain-
i 
age from the drying layer is thus retarded by the hysteresis effect. 
In this example, moisture profile shapes were assumed and the result­
ing potential gradients examined for the two cases of tension relationship 
assumptions, hysteresis and no hysteresis. However, moisture profile 
shapes are determined from the tension and conductivity characteristics 
of the soil and not vice versa. The cause and effect relationship was 
reversed only to qualitatively show the effects of hysteresis on the flow 
process and not to demonstrate actual moisture or tension conditions 
during infiltration and redistribution. This could be accomplished only 
by solution of the unsaturated flow equation by accounting for the hyster-
etic nature of the tension relationship in the analysis. 
APPENDIX C. PHYSICAL PROPERTIES OF LOESSIAL SOILS 
The following tables show results of mechanical analyses using 
hydrometer method, and of all bulk density tests obtained from the un­
disturbed cores of loessial soils in the experimental watershed tracts. 
Table 9. Results of mechanical analyses using hydrometer method - Ida 
silt loam samples taken in NE flooding plot " ~ 
Sampling ! Textural distribution 
depth Tube % clay % silt % sand 
(in. ) site <2/" 2-50/" >50 
12 3 13.5 72.0 14.5 
5 17.0 72.0 11.0 
36 3 13.0 72.5 11.5 
5 14.0 77.5 8.5 
60 3 11.5 74.5 14.0 
5 11.5 78.5 10.0 
84 3 8.0 75.5 16.5 
5 8.0 82.5 9.5 
108 3 10.0 74.0 16.0 
5 12.5 77.0 10.5 
Table 10. Results of mechanical analyses using hydrometer method -
Napier silt loam samples taken in NW flooding plot 
Sampling Textural distribution 
depth Tube % clay % silt % sand 
(in. ) site <2 M 2-50v^ >50v^ 
12 3 19.5 67.0 13.5 
5 14.5 70.5 15.0 
36 3 11.5 74.0 14.5 
5 10.5 67.0 12.5 
60 3 17.5 68.0 14.5 
5 17.5 71.5 11.0 
84 3 19.0 67.5 13.5 
5 16.5 77.0 11.5 
108 3 17.0 69.0 14.0 
5 15.0 75.5 9.5 
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Table 11. Results of all bulk density tests obtained from undistrubed 
cores of loessial soils in the experimental watershed tracts 
Soil Depth : Sampling method Average Average 
type (in.) IF in^ lyd II I, III, IV 
Ida 6 1.29 1.39 
silt 1.29 1.26 1.30 
loam 
12 1.20 1.49 1.22 
1.18 1.40 1.26 
1.32 
1.42 1.41 1.26 
18 1 .22  
1.16 1.19 
24 1.13 1.18 
1.23 1.20 1.13 
30 1.17 
1.18 1.18 
36 1.21 1.24 
1.16 1.29 
1.29 
1.27 1.28 1.19 
48 1.18 1.18 
60 1.20 1.29 
1.16 1.24 
1.20 1.25 
1.16 1.27 
1.24 
1.25 
1.16 1.26 1.20 
84 1.29 
1.29 
1.32 
1.28 1.29 
108 1.26 
1.31 
1.33 
1.34 1.31 
®From 3-inch diameter core samples taken in soil pits. 
^From 1%-inch diameter hydraulic probe samples taken in flooded plots. 
^From 2 1/8-inch diameter core samples taken in flooded plots. 
^From 2 1/8-inch diameter core samples taken in the NE watershed. 
209 
Table 11. (Continued) 
Soil Depth Sampling method Average Average 
type (in.) jj.b jjjC j^d II I, III, IV 
Monona 6 
silt ,2 
loam 
60 1.25 
1.30 
1.29 
1.23 
1.25 
1.23 
1.25 
1.28 
Napier 6 
silt loam 
12 
18 
• 1.27 
1.46 
1.42 
1.36 
1.26 
1.22 
1.29 
1.40 
1.30 
1.36 
1.28 
1.30 
1.23 
1.29 
1.38 
1.26 
1.30 
24 1.39 
1.27 
1.29 
1.30 
1.10 
1.16 
1.33 1.30 
1.13 
36 1.11 
1.23 
1.22 
1.09 1.16 
48 1.16 
1.25 1.20 
60 1.27 
1.25 
1.24 
1.22 
1.24 
1.25 
1.25 1.24 1.25 
72 1.26 
1.29 
1.27 
84 1.23 
1.30 
1.35 
1.29 1.29 
96 
108 
1.39 
1.37 
1.39 
1.41 
1.43 
1.41 
1.38 
1.41 
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APPENDIX D. THEORY AND APPLICATION OF THE ONE-STEP OUTFLOW TEST 
A one-step outflow test to determine diffusivity and conductivity re­
lationships of soil samples was first reported by Doering (1965). He 
found the method to be as reliable as the previously developed outflow 
methods. The one-step method is much quicker than the other outflow 
methods since only one equilibrium is required to determine diffusivity 
and. conductivity values throughout a wide range of moisture values. 
i 
The test is based on unsaturated flow theory proposed by Gardner 
(1962a). Gardner showed that diffusivity could be calculated from in­
stantaneous outflow rates and the geometry of a soil sample for boundary 
conditions similar to those found when a sample is placed on a porous 
plate device. The term for diffusivity was assumed to be separable into 
the product of two functions; one a function only of depth and the other 
a function only of time. The water content was assumed to be uniform 
throughout a draining sample in a pressure plate device except in the 
vicinity of the plate at the lower boundary of the sample. Diffusivity, 
for this special case, could be treated as a function of time only. An 
assumption of constant diffusivity during the outflow process was not re­
quired as in other outflow methods. Gardner solved the one-dimensional 
flow equation for these boundary conditions assuming negligible gravita­
tional effects and showed that diffusivity could be written as, 
4L^ dW 
' 'Tf2(w-wf) 
where 
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D = diffusivity. 
L = length of soil sample 
dW 
W = volume fraction of water at time rate of outflow measured 
Wf = final equilibrium volume fraction of water in sample. 
Conductivity, K, was calculated using the equation, 
K = -D H (D-2) 
where dW/dS was the slope of the water content-tension relationship 
evaluated at the water content corresponding to the value of D. 
Two test series were conducted during this study; a different method 
was used to measure outflow from Tempe cells for each series. In the 
first series, the weight of outflow water collected was measured with a 
load ring transducer and the weight was recorded as a function of time. 
Electronic drift problem^ with the recorder and external noise sources 
limited the accuracy of Measurement. In the second test series, volumetric 
measurements were used to determine outflow from each cell. Outflow was 
collected in a burette and direct readings were taken periodically. This 
method allowed the outflow test to be conducted on all 10 cells simultane­
ously. After the tests were completed, plate conductances were measured 
in each of the cells. Values ranged from 0.0149 to 0.0548 cm/atm-min. 
Diffusivity and conductivity values were completed using a program to 
I 
analyze time-moisture content data for each cell. The spline function rou­
tine was used to smooth the data to allow the rate of outflow to be calcu­
lated from the slope of the smoothed curve. Conductivity was calculated 
from the diffusivity value using the slope of an interpolating cubic spline 
function between data points representing the boundary drying curve. 
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APPENDIX E. CONDUCTIVITY ESTIMATES FROM MOISTURE-TENSION 
CHARACTERISTICS 
Brooks and Corey (1964) presented a method to estimate the unsaturated 
permeability from parameters evaluated from desaturation-tension curves of 
porous media. Permeability, K, is related to conductivity, k, through 
the relationship, 
k\= (E-1) 
where 
k = conductivity = L/T, 
Ç = density of fluid - FL'^T^, 
• ^2 g = gravitational constant = LT , and 
/•*= viscosity of fluid = FL"^T^ 
Permeability is assumed to be a property of the porous media only. If 
two immiscible fluids are present in a medium, flow of both phases may 
take place simultaneously; as one fluid enters the medium, the other is 
forced out. A curved interface will exist between the two fluids with the 
curvature of the interface concave toward the wetting fluid. 
Brooks and Corey used as the basis of their work the Kozeny equation 
of hydraulic flow which related permeability to saturation of a porous 
material by the wetting fluid. They showed that relative permeability, 
the ratio of permeability at any given saturation to that at saturation, 
could be approximated by the relation. 
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rs ds 
J.i (E-2) 
1 dS 
where 
Kj^  = relative permeability of the wetting phase, 
S = saturation of the medium by the wetting fluid, 
Sj. = residual saturation, or the saturation at which per­
meability was assumed to be zero, and 
Pq = capillary pressure. 
The quantity (_2_5) was defined as effective saturation, S^. 
l-Sp 
Experimental data showed that effective saturation could be related to 
capillary pressure for many types of porous media by, 
where X and were assumed to be parameters characteristic of the par­
ticular porous material. The equation was discovered by plotting log Sg 
against log Pj,/V ou the drainage cycle of the tension relationship where 
y was the specific weight of the fluid. The points plotted as a straight 
line with a negative slope of X for >^b^ * intercept of the 
straight line with Sg = 1.0, Pjj/y , was called the bubbling pressure of 
the medium. The parameter, "X , was termed the pore-size distribution in­
dex of the medium. 
Equation (E-3) was substituted in Equation (E-2) to. determine the 
relative permeability of the wetting phase, 
for >Pb (E-3) 
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8,^"= s: 
or 
Krw = ^or P^ > P^ (E-5) 
fc 
where 
n= 2+31 and 
€ = 2 ^  
Relative conductivity may be calculated from equation (E-5) if the two 
I 
parameters, X and P^, are known. 
Laliberte ^  (1966) showed that saturated permeability of a 
medium could be estimated, within acceptable limits, by the relationship, 
^ Fb 
where 
# O 
Kq = saturated permeability = L , 
0 0 0 
0Q = effective porosity, 0 (1-8?) - F L T , and 
a = interfacial tension = FL"^ 
Saturated permeability thus predicted could be used in equation (E-5) 
to define the permeability by 
K = Kq (~)^  Pc > Pb (E-7) 
The preceding techniques were used to estimate conductivity relation­
ships of the 60-inch depth in Ida, Monona and Napier silt loam soils. A 
mean tension-desaturation curve was determined for each soil type. Porosi­
ty, 0, was calculated from bulk density and particle density results. The 
residual saturation was found using the trial and error procedure described 
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in Appendix II of Brooks and Corey (1964), Results of the analyses are 
listed in Table 12. 
Table 12. Summary of porous media properties and saturated conductivity 
estimates for 60-inch depth samples from three silt loam soils 
Soil 
type 
Porosity 
0 y 
Saturated Saturated 
permeability conductivity 
Kr :0 
Ida 
1 (cm) (cm^) (cm/hr) 
0.556 1.24 115 0.26 1.29 x'lO-8 4.87 
0.524 1.47 143 0.28 0.85 X 10"G 3.20 
0.534 1.41 110 0.36 1.27 X 10-8 4.80 
